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This research study investigates the pile set-up phenomenon for clayey soils and develops the 
models to predict pile set-up resistance at a certain time after the end of driving (EOD). The 
increase of pile resistance after EOD is known as “pile set-up”. To fulfill this objective, a total 
number of twelve prestressed concrete (PSC) test piles were driven in different soil conditions of 
Louisiana. In addition, dynamic load tests (DLT) and static load tests (SLT) were usually 
performed to verify the axial resistances of piles at specific times after EOD, as well as to quantify 
the amount of increase in resistance compared to the EOD (i.e., set-up). The focus of this research 
was to calculate the resistance of individual soil layers along the length of the pile. In order to 
implement this goal, all the test piles were instrumented with vibrating wire strain gages. Vibrating 
wire piezometers and pressure cells were also installed in the pile face in order to calculate the 
dissipation of excess pore water pressure, together with the corresponding increase in effective 
stress, respectively with time.       
 The Case Pile Wave Analysis Program (CAPWAP) was performed in all the DLT data, in 
order to calculate the resistance of individual soil layers. Logarithmic set-up parameter “A” of 
individual soil layers were calculated using the unit side resistance (fs). The set-up parameter “A” 
was tried to correlate with different soil properties. With the aid of Statistical Analysis Software 
(SAS), detailed regression analyses were performed to develop models with incorporated soil 
properties. 
 Five different levels of empirical models were developed in order to estimate the amount 
of set-up. In addition, one set-up model was developed directly from the in-situ test data (corrected 
cone tip resistance, qt). Load resistance factor calibration was performed in order to calibrate the 
set-up factor (ϕset-up). The developed models were implemented to predict the amount of resistance 
at four different time intervals after EOD. Finally, the statistical parameters of measured resistance 
to predict resistance were applied to calibrate the set-up factor (ϕset-up) and to incorporate that factor 
into the LRFD framework. 
1 
 




Piles driven into fine-grained soils usually exhibit an increase in resistance (mainly side resistance) 
over time. This increase in resistance, known as “set-up” or “freeze”, was studied by many 
researchers over time in order to predict the actual pile resistance at a specific time after end of 
pile driving, and to incorporate its effect into pile design (Paikowsky et al. 1996; Axelsson, 2000; 
Fellenius et al. 2000: Erbland and Mcgillivray, 2004; Rausche et al. 2004; Bullock et al. 2005a). 
Further, experimental studies (e.g., Samson and Authier, 1986; Paikowsky and Hajduk, 1999; 
Fellenius et al. 2004; Kim et al. 2009) and numerical modeling (e.g., Attar and Fakhrian, 2013) 
studies were conducted on full-scale load tests for piles driven into both fine-grained and non-
cohesive soils; these tests permitted reports of set-up with time.  
The increase of pile resistance over time or set-up is attributed to three main mechanisms: 
(i) the increase of effective stress due to dissipation of excess PWP generated during pile driving, 
(ii) thixotropic effect and (iii) stress-independent increase or “aging” after the completion of excess 
PWP dissipation. During pile driving, the soil around the pile (within an influence zone) undergoes 
large lateral deformations and disturbances, resulting in the development of excess PWP around 
the pile, as well as a change in soil permeability within the disturbed zone (Roy et al. 1980; Jardine 
et al. 2006; Sawant et al. 2013). It is believed that a large contribution to pile set-up is related to 
the dissipation of excess PWPs (or consolidation), and the subsequent remolding and 
reconsolidation of the soil within the influence zone. At early stages, the dissipation of excess PWP 
may be non-uniform with respect to the log of time, depending on soil permeability and the extent 
of soil disturbance. Later, the dissipation becomes uniform. Following that, aging may account for 
any additional pile set-up (Schmertman, 1991). The set-up may occur in all pile types driven in 
different soil types (organic and inorganic, clayey, silty and even sandy soils). 
Several empirical models were proposed to estimate the pile set-up, based on a combination 
of side and tip resistances (e.g., Skov and Denver, 1988; Svinkin and Skov, 2000; Bullock et al. 
2005b; Paikowsky et al. 2005; Ng et al. 2013b; Lim and Lehane, 2014; Wang et al. 2015). 
However, resistance determinations should always separate the side (Rs) and tip (Rtip) resistances. 
Such empirical models have other limitations for application, due to an inter-dependence of back-
calculated or assumed variables, as well as the complexity of the mechanisms contributing to set-
up. As a result, the applicability of the set-up prediction model becomes limited without 
incorporation of soil properties on the model. Moreover, very few studies (Yang and Liang, 2006 
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and Ng et al. 2015) were conducted to calibrate the resistance factor due to set-up (ϕset-up) toward 
incorporattion into the LRFD framework.   
 
1.2 Problem Statement 
The construction of pile foundation usually becomes expensive. Each year, millions of dollars are 
spent in order to drive prestressed concrete (PSC) piles. Therefore, the incorporation of even a 
small percentage of pile set-up into pile design, can result in significant cost savings. The current 
engineering practice in the pile design mostly based on conducting test piles in 14 days after 
driving, disregarding pile set-up after that time, leads to a conservative pile design. Therefore, it is 
necessary to develop a model to predict pile set-up beyond the current 14 day period after the end 
of driving (EOD).   
A review of extant literature reveals that most of the available set-up studies were 
conducted and analyzed, based on the total pile resistance (Rt). Piles usually are driven through 
various soil layers with different soil types/properties, each of which exhibit different set-ups with 
time. As a result, it is difficult to accurately predict the amount of set-up, unless soil properties are 
incorporated into the set-up prediction model. It is therefore necessary to develop set-up prediction 
models where different soil properties are incorporated. 
The load resistance factor of additional set-up resistance is neither calibrated before the 
LRFD framework, nor is incorporated into the LRFD framework. Yet a successful incorporation 
of pile set-up in LRFD offers cost-effective foundation design in clayey soils. The pile set-up is 
not routinely included in foundation design, due to the lack of an easily usable set-up method that 
is in compliance with the LRFD framework. Therefore, a suggested application framework of 
incorporating pile set-up in LRFD will facilitate an economic advantage in pile designs. 
 
1.3 Scope and Objectives of the Study 
The main objective of this research evaluates the time-dependent increase in pile resistance (or 
pile set-up phenomenon) for piles driven into soft, clayey soils through conduction of repeated 
static and dynamic load testing with time, as well as incorporation of the pile set-up into the pile 
design practice. This process represents an inclusion of investigating the mechanism of pile set-
up, studying the effect of soil type/properties, pile size, and their interaction on both pile set-up 
phenomenon and developing models, as well as demonstrating its reliability to estimate the 
increase in pile resistance with time. 
In order to implement the objectives of this study, full scale load tests were performed on 
different locations of Louisiana (e.g., Shreveport, Lake Charles, LA-1 highway). Series of SLTs 
and DLTs were conducted on each test pile in order to measure the amount and rate of set-up. 
Laboratory and in-situ soil tests were performed on each test pile location in order to characterize 
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the subsurface soil condition. One main focus of this study was to measure the set-up for individual 
soil layers. The test piles were instrumented with different sensors in order to fulfill this purpose. 
Vibrating wire strain gages were installed in pairs in all the test piles in order to measure separately 
the side (Rs) and tip (Rtip) resistances, as well as calculate the load distribution along the pile 
lengths. This load distribution along the length of the pile effectively measures the side resistance 
of individual soil layers. Vibrating wire piezometers and pressure cells were also installed in pairs 
on pile face in two projects, in order to measure the increase of effective stress with time. Skov 
and Denver’s (1988) model was implemented to calculate the logarithmic set-up rate of individual 
soil layers. Further, the amount of set-up was calculated and separated due to the major 
contributing factors (i.e., consolidation and aging) with the aid of piezometers and strain gage data.  
The logarithmic set-up rate “A” of individual clayey soil layers was correlated with 
different soil properties [i.e., undrained shear strength (Su), plasticity index (PI), consolidation 
coefficient (cv), sensitivity (St), overconsolidation ratio (OCR), and corrected cone tip resistance 
(qt)]. Regression analyses were performed in order to develop the set-up prediction models, with 
the incorporated aforementioned soil properties. Finally, load resistance factor calibration was 
performed in order to calibrate the set-up resistance factor (ϕset-up).         
 
1.4 Outline 
This dissertation is divided into eight chapters. The following is a brief summary of the contents 
of each chapter. 
Chapter 2 presents an extensive literature review related to the mechanism of pile set-up, 
together with available models to predict pile set-up, and an LRFD calibration of set-up resistance 
factors.  
Chapter 3 describes the test sites, and subsurface soil conditions at the test pile location, as 
well as an instrumentation procedure related to the test piles.  
Chapter 4 presents full details regarding the test results and analytical discussion. The set-
up in terms of total resistances and set-up of individual soil layers are described. 
Chapter 5 describes the influences of soil properties on the set-up parameter “A” for 
individual soil layers; the correlation between set-up parameter “A” and different soil properties 
are also presented. 
In Chapter 6, statistical analyses on the developed correlations are presented. The 
developed empirical models to estimate the set-up are also presented in this chapter.  
Chapter 7 presents the LRFD calibration procedure for the set-up factor (ϕset-up). An 
example of the procedure to implement the models is also demonstrated in this chapter. 
Finally, Chapter 8 summarizes and concludes this research work as well as provides 
suggestions and recommendations for future research. 
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During pile driving, the soil around the pile undergoes radial, large, plastic deformations, as well 
as disturbances, and significant amount of excess PWP was developed. During driving, the extent 
of the disturbed zone around the pile is proportional to the volume of displaced soil. In addition, 
the developed excess PWP reduces the effective shear strength of the soil and hence, the ultimate 
pile resistance. After pile installation, the dissipation of excess PWP and the subsequent remolding 
and reconsolidation of the disturbed soil at the soil-pile interface zone becomes associated with a 
long term increase in soil strength and therefore, an increase in the pile resistance. As PWP 
dissipates, the effective stress increases result in a strength increase in the surrounding soil. The 
time dependent increase in pile resistance, over time, becomes known as “pile set-up”, or “freeze” 
(Bartolomey and Yushkov, 1985; Budge 2009; Bullock, 2008). If negative excess PWPs have 
developed (for highly overconsolidated soils), dissipation leads to a decrease in the strength of the 
surrounding soil over time. The decrease in pile resistance over time is termed “relaxation” 
(Richardson, 2011). The amount of increase in pile resistance and the corresponding time required 
depends on many factors, including soil properties and pile characteristics. Figure 2.1 presents the 
pile set-up results for full scale friction piles driven into clayey soils (Titi and Wathugala, 1999). 
This chapter will focus on describing the mechanism of pile set-up, the different phases of pile set-
up, the effects of soil type on set-up, the available methods to predict pile set-up, and finally will 
describe the previous work done to calibrate the load resistance factor calibration for the set-up 
factor (ϕset-up). 
 
Figure 2.1 Pile set-up for driven piles (Titi and Wathugala, 1999) 
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2.2 Mechanism of Pile Set-up 
During pile installation of a driven pile, a volume of soil equal to the volume of pile will be 
displaced in the direction of least resistance. A remolded zone will form around the pile, followed 
by a transition zone of slightly change in soil properties. Driving the pile will develop high excess 
PWP in the remolded zone (Bond and Jardine, 1991; Salgado et al. 1997; Lee et al. 2010b; Steward 
and Wang, 2011). The dissipation of excess PWP re-consolidates the remolded zone, which leads 
to a higher, undrained shear strength, and hence a higher pile resistance. The increase in pile 
resistance over time is primarily due to the re-consolidation of the remolded soil around the pile 
(Paikowsky et al. 1994; Lee and Cody, 2003). However, the time dependent increase in pile 
resistance continues to increase after complete dissipation of excess PWP (Bergdahl and Hunt, 
1981; Schmertmann, 1991). This additional increase in pile resistance over time is related to soil 
aging. According to Komurka et al. (2003a), the pile set-up mechanism may be divided into three 
phases: 
 
Phase 1—logarithmically nonlinear rate of excess PWP dissipation,  
Phase 2—logarithmically linear rate of excess PWP dissipation, and  
Phase 3—aging phenomenon.  
 
Due to the non-uniformity of the soil profile with depth along pile shaft and beneath the 
tip, it is very likely that, at a given time, different soils at various elevations will be in different 
phases of set-up. In addition, sometimes it is also possible to have some overlap between 
successive phases for the same soil layer such that more than one phase may be contributing to 
set-up at a time. Figure 2.2 illustrates the three phases of pile set-up. 
 
Phase 1: Due to the high disturbance of the soil, the rate of excess PWPs dissipation in this 
phase is not linear with respect to the log of time. And consequently, the rate of pile set-up during 
this phase is also not linear with respect to the log of time. The duration of this phase depends on 
the soil type and properties (such as soil permeability and sensitivity), and the type and size of 
driven pile. The lower the soil permeability and the larger the pile size (larger volume of soil 
displaced and larger extent of the remolded zone), the longer is the duration of the logarithmically 
nonlinear phase. The nonlinear logarithmic phase is accountable to the increase of pile resistance 
in minutes after pile installation (Bullock, 1999; Augusten, 2006). In clean sands, the logarithmic 
rate of dissipation may become linear almost immediately after driving. In cohesive soils, the 
logarithmic rate of dissipation may remain nonlinear for several hours to days. During pile driving 
in clays, the surrounding soil undergoes severe disturbance, remolding, and the development of 
large excess PWPs. As a result, the horizontally effective stress along the pile surface may be close 
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to zero. During the nonlinear logarithmic phase of consolidation, the dissipation of excess PWP 
results in increases of effective vertical and horizontal stresses, and thus strength increases in a 











             
Figure 2.2 Three phases of pile set-up (Komurka et al. 2003a) 
 
Phase 2: Following the logarithmic nonlinear phase, after a certain time from pile driving, 
the rate of excess PWP dissipation becomes linear with respect to the log of time (Komurka et al. 
2003b; Abu-Farsakh et al. 2016). Consequently, the corresponding pile set-up rate for most soils 
is also logarithmically linear with respect to the log of time. The time after driving at which the 
rate of excess PWP dissipation, and hence pile set-up rate, becomes logarithmically linear is 
referred to as the initial time, to, in many empirical models. During the second linear phase of set-
up, the remolded soil is subjected to consolidation shown as an increase in effective vertical and 
horizontal stress, and hence represents an increase in shear strength according to conventional 
consolidation theory. The duration of this logarithmical linear phase is also a function of soil type 
and properties (permeability and sensitivity) and pile type and size. The duration of this phase is 
longer in the case of larger size piles driven into low permeability soils. In clean sands, the duration 
of logarithmical linear phase may range from minutes to several hours. In silts, silty sands, and 
clayey sand, the duration of the logarithmically linear phase may last to several weeks (Preim et 
al. 1989; Koutsofas, 2002; Lee et al. 2010; Bullock, 2012). Yet in cohesive soils, this phase may 
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et al. 1992; Gavin et al. 2010; Haque et al. 2015a). For example, for a 381 mm (15 in.) diameter 
pile, 200 to 400 days needed to complete soil consolidation around the pile (Azzouz, et al. 1990). 
 
Phase 3: The third set-up phase is due to the aging phenomenon, which is independent of 
the effective stresses. According to consolidation theory, infinite time is required to complete the 
dissipation of excess PWP (Doherty and Gavin, 2013). Knowing that the rate of set-up corresponds 
to the rate of excess PWP dissipation, consequently in some cases infinite time would be required 
for set-up to be completed. Following the linear logarithmic phase, the rate of set-up may become 
so slow that the process will not affect the effective-stress. This phenomenon is similar to the case 
of secondary compression after the primary consolidation is complete. During this phase, the set-
up rate is independent of effective stress. This phenomenon is known as aging, which is referred 
to as the time-dependent change in soil properties at a constant effective stress, which is active for 
fine-grained as well as coarse-grained soils (Axelsson 2000a; Howie et al. 2002; Baxter and 
Mitchell, 2004; Gao et al. 2013). Aging is attributed to thixotropy, secondary compression, particle 
interference, and clay dispersion (Schmertmann, 1991; Camp et al. 1993; Long et al. 1999). 
Thixotropic aging occurs in cohesive soils at very low, effective stresses under drained conditions 
(Schmertmann, 1991). Schmertmann (1991) suggested that aging is more significant in soils with 
high organic content due to secondary compression. During the aging phase, the shear strength 
and stiffness of the soil increases, as well as the angle of interface friction between soil and pile 
(Darmola, 1980; Schmertmann, 1981; Axelsson, 1998a; McVay et al. 1999a). It is also associated 
with reduction in the soil’s compressibility (Bowman and Soga, 2003; Wang and Gao, 2013). 
 
2.3 Remolded Zone 
A volume of soil equal to the volume of the pile is displaced during pile installation. This 
displacement normally takes place in the direction of least resistance. Flaate (1972) suggested that 
the driving of a pile creates a remolded zone up to 10 cm to 15 cm from the pile face (Figure 2.3). 
This is followed by a transition zone, positioned outside the remolded zone. During pile driving, 
the soil strength will be reduced in the remolded and transition zones and changes in stress-strain 
properties will occur. The change will depend on soil properties, pile size and type, and driving 
method. The soil properties beyond the transition zone are unchanged. 
The structures of clay and shear strengths also carry significant influence on this remolded 
zone. For example, the experimental result of Randolph et al. (1979) exhibited that pile driving 
can significantly alter the stress up to 20 pile radii, whereas Yang (1970) stated that clay distanced 
from a pile of approximately 0.5 pile diameter, becomes fully remolded; at a distance of 1.5 pile 
diameter, clay shows an increased compressibility. As the water flows away from the pile surface, 
the remolded zone is re-consolidated (Zhang et al. 2009). This reconsolidation process occurs 
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gradually, and thus regains some of its lost strength during the dissipation of the excess PWP after 
the pile driving (Fellenius 2008; Bingjian et al. 2011). Consequently, this reconsolidation process 
can lead to higher undrained shear strength and thereby, offers higher pile resistance with time/set-
up. However, in some cases, the remolded zone, which is of higher strength than the surrounding 
soil, may adhere to the pile surface and so move together with the pile after the re-consolidation 
process. Therefore, as the effective perimeter of the pile increases, so does the pile resistance (Chen 














                                                    
Figure 2.3 Pile driving induced remolded and transition zones (After Chen et al. 1999) 
 
The effect of driving the pile and its dissipation pattern was studied experimentally and 
theoretically for a long time. Seed and Reese (1957) were among the first to report the presence of 
induced PWP, due to pile installation, at a certain distance from the pile face. Seed and Reese 
(1957) performed a set of field experiments using instrumented model pile. The experimental 
results in San Francisco Young Bay Mud demonstrated that a generation of large excess PWPs at 
pile face showed a slight increase at a distance of 15 pile diameter. The results suggested that a 
generation of excess PWP, due to pile installation which was lately transferred to soil, can 
significantly exceed the initial total overburden pressure (Seed and Resse, 1957). Later, many 
researches were conducted to find the extent of remolded zone which was due to pile driving in 
clay. All the experimental works (e.g., Bjeurrum and Johannessen, 1960; Soderman and Milligan, 
1961; Lo and Stermac, 1965; Airhart et al. 1969; D’Appolonia and Lambe, 1971; Holloway and 
Beddard, 1995; Pestana et al. 2002; Liu et al. 2012) showed that the soil nearest to the pile was 
































depends on the pile type, soil type, and driving process. The maximum generated excess PWP due 
to pile installation decreased quickly with an increase in distance from pile surface. The decrease 
becomes even faster in clayey soil layer, compared to the sandy soil layer. Bjierrum and 
Johannessen (1960) reported a presence of induced PWP, as a result of driving a group of piles at 
a certain distance from pile face. The PWP showed significance up to 5 diameters outside the pile 
group, and then tapered off to very small values at a distance of 15 diameters from the pile group 
face. Moreover, the induced PWPs dissipated rapidly at first, but became slower with time. Pestana 
et al. (2002) stated that a decrease in excess PWP is inversely proportional to the square of the 
distance from the pile. The time for dissipating excess PWP is directly proportional to the square 
of the horizontal pile dimension (Soderberg, 1962) and inversely proportional to the horizontal 
coefficient of consolidation (Soderberg, 1962). 
 
2.4 Factors Affecting Pile Set-up  
The increase of pile resistance with time (pile set-up) depends on many factors, inclusive of the 
soil type and properties (such as soil permeability and sensitivity), as well as the type and size of 
driven pile. 
 
2.4.1 Effect of soil type 
The increase of pile resistance with time (i.e., set-up) after pile installation has been reported in 
various soil types, ranging from cohesive (e.g., Zai and Hu, 1986; Svinkin, 1997; Wang et al. 2009; 
Ng et al. 2010; Fakharian et al. 2013) to cohesionless soils (e.g., Mejia et al. 1988; Jardine et al. 
1998; Clausen and Aas, 2001; Axelsson, 2002; Tan and Kimmerling, 2004; Yang et al. 2006). This 
includes organic and inorganic saturated clays, calcareous sediments (Rausche and Hussein, 1999), 
loose to medium dense silt, sandy silts, silty sands, and fine sand (Hannigan et al. 1998a; Long et 
al. 1999a; Attwood et al. 2001; Morgan et al. 2013). However, the long term pile set-up is not 
significant in very silty low plasticity cohesive soils (Holloway and Beddard, 1995) and in sands 
and gravel (Walton and Borg, 1998), compared to cohesive soils. 
During pile driving, the soil around the pile undergoes large radial deformations, which 
resulted in the development of large excess PWP within the influence zone (Hajduk, 2006; Wang 
et al. 2010). In cohesive soils, due to the low permeability, the developed excess PWP will dissipate 
slowly. As a result, a small percentage of set-ups occur during the first logarithmically nonlinear 
dissipation of Phase 1, while the majority of set-up occurs during the logarithmically linear 
dissipation of Phase 2. In cohesive soil, little set-up can be attributed to aging in Phase 3. Soft 
clays usually exhibit more set-up than stiff clays (Long et al. 1999b). After pile driving, the 
consolidation of remolded zone and the increase in effective stress, associated with dissipation of 
excess PWP, usually results in an increase in the shear strength of the soil. Reports indicate that 
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the shear strength of remolded and reconsolidated cohesive soil may be 50 to 60 percent higher 
than the undisturbed soils (Seed and Reese, 1955; Randolph et al. 1979). Randolph et al. (1979) 
stated that for piles driven in cohesive soils, the soil’s shear strength decreases with the logarithmic 
distance from the pile until the shear strength equals the initial soil strength at about 10 pile radii. 
These researchers also suggested that the stress changes around a driven pile in clay are nearly 
independent of the overconsolidation ratio (OCR). However, Whittle and Sutabutr (1999) 
concluded that reliable set-up predictions for large-diameter, open-end, pipe piles depend on an 
accurate determination of OCR and hydraulic conductivity.  
In silts and fine sands, the developed excess PWP around the pile dissipates at a relatively 
faster rate than cohesive soils (i.e., almost while driving). As a result, some set-up may occur 
during the logarithmically linear dissipation (Phase 2), while the majority of set-up occurs during 
the aging (Phase 3) in these soils (Axelsson, 2002). Either or both of these phases may begin 
immediately after driving. Loose sands and silts have been found to have set-up in a similarity to 
soft clays (Yang, 1970; Long et al. 1999a). Organic silts behave like clays; while inorganic silts 
behave like fine sand (Yang, 1970).  
The rate of pile set-up in granular soils depends on many factors, including soil density, 
soil grain characteristics (particle size, shape, and gradation), soil shear modulus, moisture content, 
pile-soil dilatancy, and in-situ stress level (Anderson and Stoke, 1978; York et al. 1994; Svinkin 
et al. 1994; Chow et al. 1998; Axelsson, 2002). Svinkin et al. (1994) stated that the rate of pile set-
up in granular soils also depends on the location of the groundwater table. Above the water table, 
set-up is linear with time, while below the water table, set-up is a power function with respect to 
time. Long et al. (1999a) determined that although the largest set-up occurred in the first 10 days 
after driving, set-up appeared to continue for up to 500 days, and measured side resistances 
increased two times the initial measure. An increase in pile resistance of up to 100 percent has 
been reported in non-cohesive soil (Axelsson, 2002; Chow et al. 1998; Long et al. 1999a). 
Koutsoftas (2002) reported a 125 to 150 percent increase of pile resistance in dense sand. 
Generally, set-up is greater for dense and well-graded sands than for loose and uniform sands 
(Dudler et al. 1968; York et al. 1994). It is also possible to experience decrease in pile resistance 
with time, termed relaxation, in dense-to-very dense silts and fine sands (Yang, 1970; Thompson 
and Thompson, 1985; Svinkin et al. 1994; Long et al. 1999a).  
 
2.4.2 Effect of pile type 
Set-up has been reported to occur in almost all pile types, including prestressed concrete (PSC) 
piles (e.g., Attwoll et al. 1999; Shek et al. 2006; Thompson et al. 2009), tapered and fluted steel 
piles, H-piles (e.g., Sevilla et al. 1998; Long et al. 2002; Kim and Kreider, 2007; Zhang and Wang, 
2009, open-end and closed-end pipe piles (e.g., Dover, 2002; Diyaljee and Pariti, 2002; Paik and 
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Salgado, 2004; Dasenbrock, 2006; Rybak, 2008; Daehyeon et al. 2009; Doherty and Gavin, 2011; 
Hannigan et al. 2012; Tan and Lin, 2013), and in treated and untreated wood piles. Studies showed 
that the set-up rate decreases as pile size increases (Camp and Parmar, 1999). Wood piles tend to 
set-up faster than concrete or steel piles, due to their higher permeability (Yang, 1956; Bjerrum et 
al. 1958). Yang (1956) reported greater set-up for wood piles installed in organic silts than for steel 
H-piles.  
When concrete and timber piles are driven into clays, excess PWP can dissipate into the 
pile (Fellenius et al. 1989; Eide et al. 1961), causing excess PWP in the soil adjacent to the pile 
surface to dissipate faster than soil a smaller distance away from the pile. As a result, the soil near 
the pile surface consolidates and increases strength faster than the clay at a smaller distance away 
from the pile. When subjected to a load that causes failure, slippage will occur at some distance 
away from the pile wall, rather than at the pile soil interface. 
Since PSC piles have a higher soil/pile interface friction, they usually exhibit more set-up 
than steel piles (Preim and Hussein, 1989). Finno et al. (1989) observed that a higher excess of 
PWPs was generated during the installation of pipe pile than with H-pile. However, after forty-
three weeks, the unit shaft resistances for the two piles were approximately equal. Chow et al. 
(1997) stated that part of set-up for steel piles installed in sands is attributed to the corrosion-
induced bonding of the sand particles with the steel. 
 
2.5 Available Case Studies 
Pile set-up was first reported in early tweenth century (Wendel, 1900). A well documented case of 
long term pile set-up in non-cohesive soils was reported by Tavenas and Audy (1972). Tavenas 
and Audy (1972) conducted compression static load test on 45 precast concrete piles, driven into 
a medium dense deposit with generally less than 10% fines. No significant differences were 
observed in the driving resistances at the EOD and at the beginning of re-driving, despite a delay 
of at least 48 hours between these operations. However, the resistance shows a trend to increase 
by about 70% in the first two to three weeks after driving, with no further increases appearing over 
the following 30 days. It was concluded that this set-up phenomenon cannot be explained by the 
influence of excess PWP, as the sand has very high permeability (K = 10-2 cm/sec) on the test site, 
to the extent that the dissipation of excess PWP may be expected to complete within a few hours; 
the increase in resistance should therefore be related to changes in the sand structure around the 
pile.  
Fellenius et al. (1989) tested the resistance of four kinds (normal wall pipe pile, H-piles, 
Mandrel-driven pipe piles, small-diameter heavy-wall pipe pile) of driven pile [43 m (141 ft.)] in 
sandy soils over time, finding that set-up occurred rapidly during the first day after initial pile 
driving, and then continued to increase at a steady rate for at least several weeks. The research 
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observed a 50 percent increase in pile resistance during testing for the first twenty days. Similar 
trends of set-up were recorded by York et al. (1994) and Svinkin et al. (1994). Evidence of these 
trends in set-up was encountered during the load testing and subsequent installation of piled 
foundation in John F. Kennedy Airport (JFKIA). The data from DLTs and SLTs showed that pile 
resistance increased by 40% - 80% because of set-up in glacial sands which was much similar to 
those reported earlier. The set-up appeared to approach a maximum value within 15 to 25 days. 
York et al. (1994) stated that set-up results stem from a loss of strength, due to disruption of the 
surrounding sand structure during pile driving, followed by a recovery in strength as the soil 
structure heals, while applying a constant effective stress. Chow et al. (1998) summarized the 
results of 12 case histories of a long term pile set-up in sand, with resistance increases of 70% to 
80% over 100 days after installation. Static load test together with other tests (dynamic, tension) 
was performed on open-ended pipe piles, driven into dense marine sand during research; an 85% 
increase in side resistance was observed during an interval between 6 months and 5 years after 
installation. Chow et al. (1998) suggested that the main reason for this phenomenon was a 
circumferential arching mechanism, developed during pile driving that limited the radial stress 
acting on the pile shaft. Subsequently, the creep of surrounding soil led to a breakdown of these 
arching stresses, allowing an increase in radial stress and thus attributing to an increase in pile side 
resistance. Moreover, increased dilation due to sand aging also contributes to increased friction.  
After compiling a database of set-up cases for clayey, mixed and sandy soils separately, 
Long et al. (1999a) showed that the set-up can continue up to 1000 days. The analysis showed that 
an increase in sand resistance is less than an increase exhibited by the piles in clay. The analysis 
concluded that although the largest set-up occurred in the first 10 days after driving, the set-up 
appeared to continue for up to 500 days. Axelsson (2000) stated that the reference pile resistance 
in the data base collected by Chow et al. (1998) and Long et al. (1999a) was measured at the end 
of pile driving. Hence, part of the presented set-up would be due to excess PWP effect. In order to 
avoid this situation, Axelsson (2000) compiled a database of case histories on friction piles, where 
the reference pile resistance was measured between 12 hours and 4 days after EOD. During this 
period of time, complete PWP dissipation can be expected to take place in sandy soil.   
 
2.6 Available Methods to Measure Set-up 
2.6.1 Empirical models 
Pile set-up can be predicted or quantified using empirical, analytical, or numerical methods (e.g., 
Ng et al. 2013b; Elias, 2008; Haddad et al. 2013). The most popular relationship was proposed by 
Skov and Denver (1988), based on the data collected in Denmark and Germany. Based on four 
case histories, they developed a semi-logarithmic model. The data from SLTs and DLTs 
(CAPWAP) defined the set-up factor “A” in this model as the rate of increase of resistance ratio 
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per log cycle change of elapsed time ratio. Skov and Denver (1988) proposed this logarithmic 
Equation (2.1), based on three types of soils: clay, chalk and sand. They proposed the model as: 
 Rt
  Rto
 = 1 + A log10 
t
 to
                       …2.1  
where, Rt = Pile resistance at time, t,  
Rto = Pile resistance at initial time, to,  
t = Time elapsed since end of initial pile driving,  
to = A reference time before which the resistance cannot be reliably predicted, and  
A = Logarithmic set-up rate parameter. 
The time to is usually taken as the time at which the rate of excess PWP dissipation is linear 
with respect to the log of time. The time to is a function of soil type and pile size, which is not easy 
to evaluate. The larger the pile diameter, the larger the to (Camp and Parmar, 1999). To accurately 
determine to, the ultimate pile resistance must be estimated at different, but closely timed intervals, 
which proves not to be practical. Therfore, to value must be back-calculated from field data, 
assumed, or obtained from empirical relationships in the literature. For PSC piles and H-piles, 
Camp and Parmar (1999) found that to equals two days, and showed that the use of to = 1 day is 
reasonable. Axelsson (1998) obtained a value of to = 1 day for PSC piles installed in cohesionless 
soils. Svinkin et al. (1994) used a value of 1 to 2 days was used for to. However, some researchers 
recommended a standarization of to = 1 day (e.g., Bullock, 1999; McVay et al. 1999a). 
The logarithmic set-up parameter “A” in Equation 2.1 depends on the soil type, pile 
material, pile type, pile size and pile resistance (Svinkin et al. 1994; Camp and Parmar, 1999; 
Svinkin and Skov, 2000; Haque et al. 2014b). Skov and Denver (1988) suggested using A = 0.2 
for sand and A = 0.6 for clay, with to = 0.5 day for sand and to = 1 day for clay. However, that 
suggested data is independent of depth and excess PWP dissipation (Bullock, 1999; McVay et al. 
1999b). As a result, the “A” parameter may either be assumed, back-calculated from field data, or 
obtained from empirical relationships in the literature. The results of literature review by Chow et 
al. (1998) indicated a range of logarithmic set-up parameter “A” from 0.25 to 0.75. Axelsson 
(1998) obtained a range of 0.2 to 0.8 for set-up parameter “A”. Bullock (1999) reported an average 
of 0.20 for set-up parameter “A”; the researchers also stated that the “A” and to parameters are not 
independent variables, and thus the determination of “A” is a function of the value used for to. 








Table 2.1: Published set-up parameter “A” and suggested to value in the literature 
Reference “A” value to days 
Skov and Denver (1988) 
Sand 0.2 0.5 
Clay 0.6 1 
Chow et al. (1998) 0.25 - 0.75 1 
Axelsson (1998) 0.20 - 0.80 1 
Bullock et al. (2005) 0.20 1 
Camp and Parmar (1999) 0.36 - 1.33 1 
Samson and Authier 
(1986) 
 2 
Eriksson et al. (1993)  1 
Svinkin et al. (1994)  2 
Ng et al. (2013b)  1 min* 
 
Following by Skov and Denver (1988), other empirical models were proposed. Based on 
DLT results from Shanghai, China, Pei and Wang (1988) proposed an empirical model (2.2) for 
clayey soil to estimate the amount of set-up. According to these researchers, the estimate of pile 




 = 0.263 [1 + log (t)] Rmax              …2.2 
where, t = the time interval after driving and  
Rto = the initial resistance of pile. Later, this model was implemented on a 50 m (164 ft.) 
long pile for validation; the subsequent determination noted a set-up value of 2.5 - 4. 
Guang-Yu (1988) first suggested that the pile set-up is related to sensitivity (St) in cohesive 
soils. The regain of pile resistance increases with sensitivity (St). About 70 test piles on different 
20 sites in the coastal areas of East China were considered in this thorough analysis. Wave equation 
analysis determined the driving stresses and the bearing capacity of the pile in soft ground. 
However, this analysis derived a result by driving and then restriking after only 14 days; this study 
formed a comparison of the result to that of SLT in order to present the empirical expression (2.3). 
 Rt
  R14
 = 0.375St + 1                                                                                                          …2.3 
In order to calculate the magnitude and quantify the increase of pile resistance, a series of 
load tests were performed on five different piles driven on clayey soil in Chicagoland. Lukas and 
Bushell (1989) concluded that the resistance increases mostly in first 10 days due to increase in 
side resistance as excess PWPs that are generated during pile driving dissipate by this time. Beyond 
this span of time, resistance continues to increase, but at a slower rate. Compression load tests 
were performed at four different sites and a tension load test was performed on one site during this 
investigation. An assumption was made that the increase in total pile resistance could be attributed 
entirely to an increase in adhesion along the sides of the pile. The provided approach: 
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                ΔS = SL (Long term adhesion) – So (The time of driving)                      …2.4 
 where, SL = Su (Undrained shear strength) x AF (Adhesion factor) 
 So = Su (Undrained shear strength) / Si (Sensitivity of soil) 
An empirical model was presented by Mesri et al. (1990) to predict the set-up in sand. This 
model was mainly used to measure an increase in cone resistance, together with time for clean 
sands that had been densified by blasting. The two factors that mainly contributed to this increase 
of strength were i) primarily consolidation that occurs for a shorter period of time immediately 
after blasting, and ii) secondary compression at a constant effective stress. This relationship later 
was implemented to predict the set-up for pile by replacing an increase in cone resistance with 
time to the increase in a pile resistance with time. The following model is presented for set-up in 
sand, using log-log scale 
 Rt
  REOD
 =1.1 tα                                                                               …2.5 
where, Rt = Pile resistance at time t day 
           REOD = Pile resistance at the EOD 
           α = The exponential coefficient 
The following values of α are recommended 
Lower bound = 0.05 
Upper bound = 0.18 
Average = 0.13 
To predict the set-up resistance more accurately, an experiment was conducted with an 
instrumented model pile at Harvey and Empire in Louisiana, early in 1980. A series of 
consolidation and load tests were performed on two different instrument pile segments, which were 
driven on normally consolidated clay. The design criteria developed by Bogard and Matlock 
(1990) was very consistent, and demonstrated repeated behavior among the results of eleven 
experiments regarding the rate of consolidation and set-up. Results from two different sites, 
selected from literature to validate the model, found that the outcomes fitted the evolution within 
the limitations of the available data. The proposed model: 
 f
  fult
 = 0.2 + 0.8U                                                                                                           …2.6 








Svinkin et al. (1994) analyzed two sets of data in sandy soils, varying with the water table 
to present a new empirical model for set-up. Experimental data showed that the water table has a 
great influence on the set-up effect in sandy soils. However, the development of soil set-up in 
saturated sandy soil is generally more complicated. Five different PSC piles with high water tables 
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were tested after driving by SLTs and DLTs. Mostly, all of the piles showed that soil set-ups 
gradually increase during first 10 days approximately, and the tendencies followed a similar 
pattern. However, their set-up coefficient ranged between an upper boundary and lower boundary, 
which are expressed in the following two equations: 
Ru = 1.4 REODt
0.1                                                                …2.7 
Ru = 1.025 REODt
0.1                                                              …2.8                             
Later, three different piles were taken under consideration with a similar soil condition 
(sandy soil), but with a low water table. Pile resistance values from dynamic and static load testing 
were plotted; a surprisingly similar set-up coefficient was observed, though the pile types differed 
and were from three different sites as well. The following model was proposed by Svinkin et al. 
(1994) to present that correlation   
 Ru
  REOD
 = (1 + 0.145t)                                                  …2.9 
where, REOD = The resistance at the end of initial driving and  
           t = The elapsed time in days after EOD. Similar to the two models above (Equations 2.7 
and 2.8), no soil or pile properties were incorporated in this model for general implementation. 
The existing model by Skov and Denver (1988) yields set-up versus time for assessment 
of pile resistance after the first restrike, and three different values of to were recommended, 
depending on types of soil. If for various piles this time (i.e., to) is different, the existing model 
yields different assessment of set-up at the same site and obtained results of increase in resistance 
cannot be compared. Moreover, it is inconvenient for certain construction sites to restrike piles at 
1-2 days after pile installation and there is no standard time for the first restrike. To provide 
determination of the soil set-up independently of the time of the first restrike and taking 
consideration the actual time in days passed after pile installation, Svinkin and Skov (2000) 
proposed a new model (2.10). For the pile set-up straight line passing through two points, and 
corresponding to pile resistance at EOD, REOD and pile resistance at any time after pile driving, Rt, 
the model in logarithmic time scale can be written as 
 Rt
  REOD
 −1 = B [log10 (t) +1]                                              …2.10 
The time for EOD is taken as 0.1 day (2.4 hours), which negligibly affects an increase in 
pile resistance of EOD, but provides an opportunity to use the logarithmic time scale. 
Another methodology to incorporate the time dependent increase in pile resistance was 
proposed by Paikowsky et al. (2004). The static and dynamic increase in resistance with time based 
on radial consolidation was examined, and a normalization process was followed to compare 
between the different pile sizes. Both 15 SLTs data and 7 DLTs data were considered in this 
analysis process. The result showed that dynamic testing and analyses exhibited a resistance 
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increase (set-up) much faster than the actual increase monitored by the SLT results. In fact, time 
associated for gaining 75% of the maximum resistance was about 20 times greater when analyzed 
by a static method, compared to a dynamic load testing method. Time required to achieve 75% 
set-up occur for different soils are summarized in Table 2.2. The time extrapolation for desired 
pile size was achieved through the following relationship: 
t75 (pile) = 4r
2 t75 [value from Table 2.2]                                                    ...2.11 
 
Table 2.2: Driven pile test scheduling [NCHRP report 507; Paikowsky et al. 2004] 
Load Test Type Soil type t75 (hours) 
Static Clay 1540 x r2 
Dynamic Clay 85 x r2 
 Granular and cohesive 39 x r2 
 
Here, t75 = Time to reach 75 % of maximum resistance in hours 
            r = Pile radius (or equivalent) in type 
However, the t75 values, showing a wide scatter thoughout the overall resistance increase, 
has little deviation within the data set. This methodology can be implemented with its limitation 
to predict a 75% set-up as well as for scheduling to perform the test; currently, no other present 
methodologies are available with a similar variable. 
To predict the set-up more accurately in normally consolidated clay of low plasticity, 
Karlsrud et al. (2005) proposed a new empirical equation (2.12), based on a database of 49 test 
piles. The proposed model, known as NGI-99 (Norwegian Geotechnical Institute), considers that 
excess PWP, due to installation of pile, fully dissipates after 100 days and the resistance at 100 
days was taken as reference resistance. The proposed model was 
 Rt
R100
 = [1 + Δ10 log10 (
 t
t100
)]                                  …2.12 
where, t = the time between driving and test loading,   
Rt = The resistance after 100 days and  
R100 = The reference resistance after 100 days.  
Δ10 = A dimensionless resistance increase for a ten-fold time increase. The value of Δ10 
must be calculated from a load test carried out at different time intervals after pile installation. 
However, based on results supplemented by Flaate (1968), Δ10 was correlated with plasticity 
index and OCR value. 
Δ10 = 0.1 + 0.4. (I – Ip/50).OCR 
-0.8        …2.13 
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where, Δ10 ranges from 0.1 to 0.5. Ip and OCR are average values along the pile length. The 
provided methods showed a correlation between calculated and measured values. However, there 
is considerable scatter, and uncertainties are observed in the case of soft clay. 
Yan and Yuen (2010) proposed a new model to predict the resistance, using Bayseian 
analysis. Bayesian inference not only allows the estimation of the uncertain parameter, but also 
the quantification of the associated uncertainty in the form of probability distribution. A database 
of 143 different pile load test records on both clayey and sandy soil was collected from literature, 
and different sets of parameter with associated uncertainty was suggested for each soil type. 
Moreover, prediction error was also calculated, and it showed the model exhibiting a much higher 




 = [1 + C log10 (1+ t)]                                                         …2.14 
where, C is the uncertain parameter describing the rate of increase in the pile load resistance with 
time and as such was determined from the database used in this study. 
The Ohio Department of Transportation (ODOT) conducted a research in 2011 to address 
the set-up phenomenon in Ohio geology. Numerous data from twenty three small diameter driven 
pipe piles were compiled for this research, and an model (2.15) was finally proposed between the 
final and initial load resistances of the piles as a function of time. Various combinations of the 
known parameters were investigated to find the correlation between the pile set-up and the 
measured field value. Finally the model that fitted properly was very much similar to the proposed 
equations by Svinkin et al. (1994) and Long et al. (1999a). However, the numerical value was 
different from others. Since the data were compiled from only Ohio soils and for only small 
diameter piles, so it is suggested to check the correlation before implement it to other sites. 
Rt = 0.9957 * Ro t
0.087                                                  …2.15 
where, Rt = The pile resistance (kips after time t), 
 Ro = The EOD pile resistance (kips), 
 t = The time in hours. 
Recently, Ng (2011) conducted full-scale load tests on instrumented test piles at different 
locations of Iowa to study the effect of different soil properties on set-up behavior for steel-H piles. 
The model, proposed by Ng et al. (2013b), incorporates the SPT-N value, horizontal coefficient of 
consolidation (ch), and the equivalent radius of pile (rp). The model requires no reference load test 
after EOD, since the model considers the driving resistance at EOD as a reference resistance. 
However, most of the proposed models in literature (e.g., Skov and Denver, 1988; Bullock et al. 
2005b) require a reference load test data between 1 and 2 days to predict the pile set-up, since the 
duration of the first non-logarithmic phase 1 is uncertain. Their research proposed the model to 





 = [A x log10 (
t
tEOD
) + 1] 
 L(t)
LEOD
          …2.16 
where, A = 
fcCha
Nar2p
 + fr 
cha = horizontal coefficient of consolidation 
Na = SPT N value 
rp = Equivalent pile radius 
fc = Consolidation factor 
fr = Remolding recovery factor 
All of these available empirical models are summarized in Table 2.3.  
 
2.6.2 ANN methods 
Jeon and Rahman (2007) developed a neural network model to predict pile set-up. Six variables 
(i.e., soil type, pile type, pile diameter, pile length, time after pile installation, and effective stress) 
were selected as input parameters to develop the neural network model. The database was 
developed from a variety of cases reported in the literature. In the selected data set, 76% was used 
to train the model, while the remaining (26%) was used for testing. The model was comprised of 
two phases: The first phase was to get the output through the hidden layers, while the second phase 
updated the weights by means of a root square mean function. Three different pipe types were 
considered in this model, e.g., pipe pile, concrete pile and H-pile. Soil types were included in the 
model by giving a number (1 for sand, 2 for clay, and a number in-between for mixed soils). The 
model showed that all the selected variables have a significant influence; however, time after EOD 
and pile diameter has a relatively large influence, compared to others. The model was compared 
with other proposed empirical models such as Skov and Denver (1988), Svinkin (1996), Long et 
al. (1999a), and Svinkin and Skov (2000) to check the validity. However, a much higher correlation 
(R2) and a lower root mean-squared error were observed for the proposed model, when compared 
to others. The model would be more reliable by further training with additional data. 
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Table 2.3: Summary of the available empirical models 
Reference Models Comments 
Pei and Wang 
(1988) 
Rt = REOD + 0.263 [log(t) + 1] x 
(Rmax– REOD) 
Rt = Pile resistance at t days 
Rmax = Maximum pile resistance 





R14 = REOD (0.375St + 1) 
R14= Pile resistance at 14 days 




Rt = Ro [Alog(
t
to
) + 1] 
A = 0.2 for sand and 0.6 for clay 




ΔR = [Sai(long) - Sai(short)] x As 
Sa = Pile adhesion 











Ru= Ru occurs at 100% set-up 
T50 = T50 is the time required to reach 50% 
set-up 
 




α = 0.05 for lower bound 




Ru = REOD [B{log(t) + 1} + 1] 
B = Empirical factor 
 
Karlsrud et al. 
(2005) 
Rt = R100[A(log (
t
t100
) + 1)] 
 




R100 = Resistance at 100 days 
PI = Plasticity index 
OCR = Overconsolidation ratio 
Bullock et al. 
(2005b) 
RS = Ro [A log(
t
to
) + 1] 
A = Set-up parameter 





Rt = 0.9957 Ro t 
α α = 0.087 
Ng et al. 
(2013b) 








 + fr 
cha = Horizontal coefficient of consolidation 
Na= SPT N value 
rp = Equivalent pile radius 
fc = Consolidation factor 




τ = τlim (1 - Nd x e
-kt) 
 
K and Nd are curve fitting parameter 
τlim = Limiting maximum ultimate avg. 
shaft shear stress 
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2.7 LRFD Calibration 
The allowable stress design (ASD) method has been facilitated in design bridges, which involves 
applying a factor of safety (FS) to account for uncertainties in the applied loads and soil resistance. 
The magnitude of FS depends on the importance of the structure, the confidence level of the 
material properties, and design methodology. The American Association of State Highway and 
Transportation Officials (AASHTO) bridge design specification introduced the load and resistance 
factor design (LRFD) method to account for uncertainties associated with estimated loads and 
resistances (LRFD specification, 1994; LRFD specification, 1998; LRFD specification, 2007). 
Since then, bridge superstructures have been designed by using the LRFD method in most states. 
The LRFD method for bridge foundation design is gaining prevalence, although the ASD method 
is still used for bridge foundation design in practice. This practice of employing two differing 
methods may well lead to inconsistent levels of reliability between superstructures and 
substructures. In an effort to maintain a consistent level of reliability, FHWA and AASHTO 
mandated a set date of October 1, 2007, after which all federally funded new bridges, including 
substructures, shall be designed by using the LRFD method. Accordingly, significant research 
efforts have been directed to implement the LRFD design methodology in bridge substructure, and 
to establish proper resistance factors for local soil conditions in compliance with this mandate 
(Nowak, 1999; McVay et al. 2002; Paikowsky, 2004; Allen, 2005; Allen et al. 2005; Allen, 2006; 
AbdelSalam et al. 2012; Yoon et al. 2012; Abu-Farsakh et al. 2013). 
The current AASHTO specifications recommend resistance factors, ϕ, for single driven 
piles in axial compression ranging from 0.10 to 0.65, depending on the design method (LRFD 
specifications, 2007). However, the existing resistance factors are recommended on the basis of a 
pile database collected from sites that do not necessarily reflect local soil or design practice. For 
example, the driven pile database used in the existing AASHTO code is based on data gathered by 
the Florida Department of Transportation and FHWA (Paikowsky et al. 1994 and DiMaggio et al. 
1998). Therefore, the resistance factors recommended by the existing AASHTO code must be 
verified before application to local soil conditions and design practices. Direct application of the 
AASHTO resistance factors without calibration may result in either over-conservative or unsafe 
design. When local experience and databases are available, AASHTO recommends calibrating the 
resistance factors, ϕ, by using risk analyses to produce an overall reliability level that is consistent 
with local practice.   
 
2.7.1 LRFD calibration via working stress design (WSD) 
When there is insufficient statistical data available for a statistical theory based calibration, 













          …2.17 
where, ϕ is the resistance factor; QDL and QLL are the dead load and live load, respectively; γDL 
and γLL are the load factors for dead load and live load, respectively; and FS is the factor of safety. 
Using equation 2.17, the resistance factors that must be used in the LRFD method can be 
calculated to obtain a level of safety equal to that of the ASD method. This process provides the 
engineer with a visualization of uncertainty, rather than the comprised, single factor of safety in 
ASD. However, using the resistance factor obtained by fitting the resistance factor to the ASD 
method will not likely improve the reliability of the design (O’Neill, 1995). An improved design 
can only be achieved when resistance factors are evaluated directly through statistical data based 
on reliability theory, rather than through calibration with existing factors of safety in ASD. Thus, 
there is no difference in the design between the LRFD and ASD methods, if the resistance factor 
is calibrated via ASD. 
 
2.7.2 LRFD calibration for ϕset-up 
The foundation cost will be reduced by a substantial amount if the load and resistance factor 
(LRFD) for set-up (ϕset-up) is incorporated successfully into the LRFD framework. The successful 
incorporation will aid in a design consisting of a shorter pile length and smaller dimension, with 
an outcome of a lesser number of piles as well as a smaller hammer to drive the pile (Ng et al. 
2015). There are two different set-up factors associated during the calibration of the set-up factor 
for LRFD framework. They are: ϕEOD and ϕset-up. Since each resistance component has its own 
individual uncertainties, such as those resulting from the in-situ measurement of soil properties, 
the components should be adequately reflected in the resistance factors to remain consistent with 
the LRFD philosophy. Therefore, it is conceptually inappropriate to establish a single resistance 
factor for both resistance components. Currently, the AASHTO does not have any 
recommendation to incorporate the set-up into LRFD framework. As mentioned earlier, ϕEOD is 
successfully calibrated before by many researchers (e.g., McVay et al. 2000, Paikowsky, 2004). 
Very few researchers (e.g., Yang and Liang, 2006; Ng et al. 2011) conducted research for the 
calibration of ϕset-up.    
Yang and Liang (2006) used the first-order reliability method (FORM) to compute the 
separate resistance factors, using Skov and Denver’s (1988) set-up model. A set-up resistance 
factor of 0.30 specifically at a target reliability index of β = 2.33 was recommended by Yang and 
Liang (2006). They also concluded that at a low target reliability index (β < 3.00) an incorporation 
of the set-up effect into the prediction of total pile resistance provides an advantageous 
contribution to predict the total pile resistance. However, incorporation of the set-up resistance 
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into the pile design yields a more conservative prediction of the total pile resistance at a higher 
reliability index (β ≥3.00) 
Ng (2011) used the first order second moment (FOSM) method to calibrate the set-up 
resistance factor. A set-up prediction model was first developed (Equation 2.16) in order to 
estimate the set-up resistance at a specific time. Based on 19 data sets of steel H-piles driven in 
cohesive soil in IOWA, a set-up resistance factor of 0.36 and 0.31 were recommended for pile set-
up for both redundant and non-redundant pile groups at a target reliability index of β = 2.33, 
respectively.  
Abu-Farsakh et al. (2009) calibrated the resistance factor (ϕ) for 53 PSC piles that were 
tested to failure by SLTs at 14 days after EOD. The predictions of pile resistances were based on 
static analysis (α-method for clay and Nordlund method for sand), three direct CPT methods 
[Schmertmann (1978) method, De Ruiter and Beringen (1979) method, and Bustamante and 
Gianeselli (LCPC) (1982) method], and the average of the three CPT methods. The Davisson and 
modified Davisson interpretation methods were used to determine a measured, ultimate load 
carrying resistances from pile load tests. Reliability based analyses using the First Order Second 
Moment (FOSM) method, the First Order Reliability Method (FORM), and the Monte Carlo (MC) 
simulation method were also conducted to calibrate the resistance factors at 14 days (ϕ14) for the 
investigated pile design methods. The resistance factors with the target reliability (βＴ) of 2.33 for 
the different design methods were determined and compared with AASHTO recommendation 
values. In addition, the evaluation of different design methods was performed. The resistance 
factors for the static method determined in that study are 0.56 (FOSM) and 0.63 (FORM and Monte 
Carlo simulation method), which is higher than the ϕ value recommended by AASHTO (e.g., ϕ = 
0.34 - 0.45 for static method, and ϕ = 0.50 for Schmertmann method) (LRFD bridge specification, 
2007). It should be noted that this value is only valid for subsurface conditions similar to Louisiana 
soils that consist mainly of soft cohesive soils with some cohesionless inter-layering soils. For this 
condition, the driven pile resistance was determined by dominantly using the α-Tomlinson method, 
while the Nordlund method was employed for cohesionless inter-layering soils. The value of the 
reported ϕ14 is used in this study as ϕEOD to calibrate the set-up resistance factor (ϕset-up). 
 
2.8 Summary and Discussion 
Many researchers conducted studies in order to better understand the pile set-up phenomenon and 
to quantify the amount of set-up so that these selections could be successfully incorporated into 
the pile design. Some studies were also performed in order to calibrate the set-up resistance factor 
(ϕset-up). All the available metrical models to predict pile set-up are presented in this chapter, 




CHAPTER THREE  
EXPERIMENTAL TESTING PROGRAM AND INSTRUMENTATION 
 
3.1 Introduction 
This testing program investigated the resistance increase of individual soil layers in order to 
correlate the increase of resistance (i.e., set-up) with soil properties. For this purpose, both 
laboratory and in-situ tests were conducted at each test pile location. Long term monitoring of the 
increase in resistance was measured by load tests. The experimental study also includes 
instrumentation of the test piles with vibrating wire strain gages, piezometers, and pressure cells. 
The necessary information for the project site and test piles, laboratory and in-situ soil properties 
at each test pile location, as well as instrumentation plans and procedures will be discussed in this 
chapter. 
 
3.2 Laboratory and In-Situ Tests 
The main objective of this study was to evaluate the pile set-up for individual soil layers and to 
correlate the increase of side resistance (i.e., pile set-up) of individual soil layers with different 
soil properties (e.g., undrained shear strength, plasticity index, coefficient of consolidation, 
sensitivity, overconsolidation ratio, corrected cone tip resistance). To achieve this, laboratory tests 
were conducted on the collected soil samples in all the investigated sites, as well as in-situ field 
tests were performed to determine the different soil properties. This section describes the 
laboratory and field testing programs.  
 
3.2.1 Laboratory tests 
High quality 7.6 cm (3 in.) Shelby tube samples were retrieved from boreholes at different depths 
for comprehensive laboratory testing from each test pile location. Water content, unit weight, 
Atterberg limits, and grain size distribution were performed in accordance with ASTM standards 
D 4643, D 7263, D 4318 and D 422 respectively, to characterize the subsurface soils. One-
dimensional consolidation tests were also conducted in accordance with ASTM standard D 2435-
04 to obtain the vertical coefficient of consolidation (cv) and overconsolidation ratio (OCR). 
Unconsolidated undrained (UU) triaxial tests were also performed in accordance with ASTM 
standards D 2850-03a to estimate the undrained shear strength (Su) of the soils. Small scale 






3.2.2 In-situ tests 
The in-situ testing program included both piezocone penetration tests (PCPT) and piezocone 
dissipation tests (PDT). The PCPT has become more acceptable and popular in-situ testing for 
subsurface investigation, together with evaluation of different soil properties. The PCPT is robust, 
fast, and economical; these tests can provide continuous soundings of subsurface soil conditions 
with depth. In particular, the PCPT is capable of measuring the cone tip resistance (qc), sleeve 
friction (fs), and pore pressures at different locations, depending on the location of the pressure 
transducer [at the cone face (u1), behind the base (u2), or behind the sleeve (u3)]. These 
measurements may be used effectively for soil stratification and identification. This makes the 
PCPT valuable within a wide range of geotechnical engineering applications. The state-of-the-art 
cone penetration system was used to perform PCPT and PDT. At each study site, several in-situ 
PCPT tests were performed around the drilled boreholes, using the 1.55 in.2 (10 cm2) and 2.33 in.2 
(15 cm2) piezocone penetrometers. During a PCPT test, the piezocone was pushed at the rate of 
0.79 in./sec (2 cm/sec), and data was collected every 2 cm (0.79 in.). The 10 cm2 (1.55 in.2) 
piezocone provided measurements of the cone tip resistance (qc), sleeve friction (fs), and PWP 
behind the base (u2); while the 15 cm
2 (2.33 in.2) piezocone provided measurements of qc, fs, and 
PWP at the cone tip (u1). 
The profile of PCPT tests classified the soil using the Zhang and Tumay (1999) 
probabilistic region estimation method in order to evaluate the undrained shear strength (Su) and 
overconsolidation ratio (OCR) of soil layers. The Su was calculated from PCPT using the Equation 
3.1 
su = (qt - σvo)/Nk                                  … 3.1  
with Nk = 15 in this study; and the OCR was calculated using the Equation 3.2 proposed by Abu-
Farsakh (2004):  
OCR = 0.152 [(qt - σvo)/σʹvo]          … 3.2   
where, qt is the corrected tip resistance, σvo is the overburden pressure, and σʹvo is the effective 
overburden pressure.  
The soil permeability (kh) was calculated using the Equation 3.3 proposed by Robertson 
(2010):  
Permeability (kh) = chγw/M                                                                                          … 3.3   
where: M = 1-D constrained modulus, and γw = unit weight of water. The constrained modulus 
(M) was calculated using the Equation 3.4 proposed by Abu-Farsakh (2004). Correlations between 
constrained modulus (M) and corrected cone tip resistance (qt) can be found in Abu-Farsakh et al. 
(2016). 
M = 3.15 qt.                                                                                                                  … 3.4   
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The penetration of the piezocone was stopped at pre-specified penetration depths to 
perform PDTs with respect to time. The dissipation test curves were then used to estimate the 
horizontal and vertical coefficients of consolidation, ch and cv, respectively, based on the Teh and 
Houlsby (1991) interpretation method. 
 
3.3 Instrumentation 
The goal of this research study was to investigate set-up phenomenon by individual soil layers to 
correlate with different soil properties; hence an instrumentation plan was adopted in all the 
projects. Sisterbar strain gages were installed in all the test piles of all projects; in order to better 
understand the set-up phenomenon, the test piles of Bayou Zourie and Bayou Lacassine sites were 
instrumented with pressure cells and piezometers while multilevel soil piezometers were installed 
in the surrounding soils of the pile. A detailed instrumentation plan was adopted in all the sites 
after characterizing the subsurface soil with laboratory and in-situ tests. Instrumentation was 
placed in all the piles three to four weeks prior to pile driving in the casting yard.    
Strain gages. Sisterbar strain gages were installed in all the test piles of all projects in order to 
measure the distribution of side resistance along the length of the test pile during the SLT, and 
hence separately calculate the side (Rs) and tip (Rtip) resistance. Furthermore, load distribution 
plots were calculated regarding the side resistance of individual soil layers. Vibrating wire “sister 
bar” strain gages (Geokon Model 4911) were chosen in this study due to the long time stability 
and economic cost. The locations of strain gages were targeted as specific soil layers, based on the 
subsurface soil classification. Strain gages were installed in pairs on opposite sides of the pile; the 
gages were simply attached to the side of a section of rebar at each depth; their average readings 
were adopted for analysis in order to eliminate the possibility of bending stress during driving. 
Sister bar strain gages were tied into places after the pile strands had been tensioned. Usually, one 
pair of strain gages was always installed at the ground surface in order to calibrate the elastic 
modulus of the pile, while one pair was always installed 0.6 m (2 ft.) above from the tip of the pile 
in order to measure the tip resistance. Cables were then protected by tying them off to the 
longitudinal rebars at about 610 mm (2 ft.) spacing. Figure 3.1, a shows the installation procedure 
of strain gages in the pile at the casting yard. 
Pressure cells. Pressure cells were installed at certain locations (i.e., mainly in a clayey soil 
layer) along the pile (flush with pile surface) to measure the total lateral stress history during the 
whole testing period. Vibrating wire pressure cells (Geokon Model 4820 “jack-out” style) were 
chosen in this study. Figure 3.1, b shows the photo of a pressure cell that was installed in the pile 
before pouring the concrete on the pile. The pressure cells were covered with duct tape in order to 
eliminate the possibility of contact with debris while pouring the concrete on the pile in the casting 




Piezometers. Piezometers were installed in the soil-pile interface to measure the buildup and 
dissipation of excess PWPs with time. The dissipation of excess PWP was allowed to establish a 
correlation between increase in pile resistance and dissipation of excess PWP (or consolidation) 
or change in effective stress with time along the pile side. Vibrating wire piezometers (Geokon 
model 4500S) were used in this study (Figure 3.1, b). Piezometers were installed in pairs with 
pressure cells at the same location. Simultaneous measurements of total lateral stresses (from 
pressure cells) and PWP measurements was used to measure the change in effective stresses with 
time, which in turn, provided valuable information of pile set-up characterization. Each pressure 
cell-piezometer pair was attached to a support plate, and installed flush with the pile surface at the 
casting yard as shown in Figure 3.1, c. 
Both pressure cells and piezometers, were covered with duct tape during the pile casting 
and then uncovered after delivery to the test site. The piezometers were de-aired and saturated in 
the field prior to pile driving, using a vacuum pump. To keep the piezometers saturated, the PVC 
cap, as shown in Figure 3.1, d remained on the pile face until they hit the ground and snapped off 
during pile driving. 
Multilevel Piezometers. The soil surrounding the pile was instrumented with piezometers, to 
be arranged at different distances and different depths from the pile surface. Vibrating wire 
multilevel piezometers (Geokon Model 4500M) were used in this study. During pile driving, the 
soil around the pile undergoes large radial plastic deformations, disturbances, and the development 
of excess PWP. The soil piezometers were used to measure the magnitude and extent of buildup 
porewater pressure, characterized the excess pore water dissipation curves of the surrounding soil 
with time, and evaluated the extent of influence zone around the pile. In order to measure the 
amount of developed excess PWP, the multilevel soil piezometers were installed in the soil 2-3 
days prior to pile driving. The wires of the soil piezometers were then tied and passed through a 
PVC pipe that was installed 305 mm (1 ft.) below ground surface and connected to the data 
acquisition system. Figure 3.1, e shows a photo of the multilevel piezometer used in this study. 
Data Acquisition System. In order to fully capture and record the variation of earth 
pressure, PWPs, and the measured side resistance of individual soil layers along the pile length 
with time, the instrumentations were setup to continuously collect data, starting immediately 
before pile driving and continuing until the last restrike. Continuous recordings were performed to 
fully record the variation of PWP and to collect the strain gage readings during the SLT. Two 
sampling rates were adopted at different stages and are described as follows: 
(a) During the installation of the pile or any load test, a sampling rate of 1 reading / 2 minute was 
adopted to record the time history of the PWP. The recording system used in this study was a CR-
1000 recording system. The rate recorded was believed to be sufficient to record the build-up and 
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dissipation of excess PWP, and to measure the side resistance of individual soil layers by strain 
gage measurements during any load test. 
(b) During the following three time intervals (1) before the installation of the test pile; (2) between 
the pile driving operations; and (3) after the completion of the pile driving; as the change in excess 
PWP was slow and strain gage measurements were not needed; hence the sampling rate once in 
every one hour was chosen. During these periods, a data acquisition system with a solar panel was 
used for recording the data as shown in Figure 3.1, f. 
Accelerometers and Strain Transducers. Dynamic measurements were obtained by 
attaching pairs of strain transducers and accelerometers near the top of the pile, prior to pile driving 
and every restrike event (Figure 3.1, g). One pair of accelerometer and one pair of strain transducer 
were bolted, usually 1219 to 1524 mm (4 to 5 ft.) below the pile top, to measure the stress wave 
during pile driving and restrikes for dynamic load analysis. Strain transducers were normally 
attached symmetrically about the neutral axis of the pile to account for bending effects, while 
accelerometers were attached near the strain transducers. The responses of the accelerometers and 
strain transducers were monitored thorough a pile driving analyzer (PDA). Figure 3.1, h shows a 
photo of the pile driving analyzer (PDA) equipment used to measure the resistance during the 
DLT. 
 












                                  
 
Figure 3.1 Photos of instruments used in the test piles 
 
 















                                    





















                                     
Figure 3.1 Photos of instruments used in the test piles (continued) 
(b) Piezometer and Pressure cell 
(c) Piezometer and Pressure cell at casting yard  




















                

















Figure 3.1 Photos of instruments used in the test piles (continued) 
(e) Multilevel Piezometer 
(f) Data acquisition system 
(g) Installation of accelerometer 
and strain transducer 
(h) Pile driving analyzer (PDA) 
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3.4 Load Test  
For measuring the pile set-up, it is essential that the pile resistance should be determined at two 
different time intervals. However, the timings and method of resistance measurement are very 
significant, as the value of the information obtained and the conclusions can differ with time and 
method. To maximize measured set-up, the first measurement of pile resistance should be 
performed at the EOD and second one any time after EOD. There are several methods available to 
measure the pile resistance. They are: Dynamic load test, Static load test, Osterberg cell load test.  
 
3.4.1 Dynamic load test (DLT) 
The DLT with a Pile Driving Analyzer (PDA) was conducted in all the test piles of all projects 
during driving, as well as at different times following EOD, in order to measure the pile resistance. 
The test was conducted according to ASTM D-4945. The pile was instrumented with one pair of 
accelerometers and one pair of strain transducers and connected to a portable digital 
microcomputer before performing the test. The PDA refers to a procedure for determinating pile 
resistance, based on the temporal variation of pile-head force and velocity. The microcomputer 
processed the acceleration and strain signals that were received during pile driving. The strain 
measurements were converted to pile force, and acceleration measurements were converted to 
velocity. A simple pile model (CASE model) was applied to data collected in the field to predict 
the combined tip and side resistances. The data was further analyzed using the CAPWAP (Case 
Pile Wave Analysis Program) to calculate the distribution of side resistance along the pile length. 
The side resistance evaluated from CAPWAP was compared with load distribution plots from 
SLT, and resistance of individual soil layers were finally calculated with time. Unlike the SLT, the 
dynamic testing predicts the pile resistance instantaneously at the EOD. Restrikes were performed 
at different times after EOD in all the projects to evaluate the pile set-up.  
 
3.4.2 Static load test (SLT) 
The static pile load test is a well-known test that is usually used to evaluate the ultimate pile 
resistance. The SLT is a full scale test, mainly performed in this study to measure the ultimate pile 
resistance. The test was performed following the procedure described by ASTM D1143. SLT is 
expensive and requires more time to perform compared to the DLTs. A reaction frame must be 
designed and constructed in order to perform the SLT. The reaction frame normally consists of 
sixteen pipe piles, a hydraulic jack, and a diagonal beam. Figure 3.2, a shows a typical load frame 
arrangement to perform the SLT; photos of SLT arrangements are depicted in Figures 3.2, b and 
3.2, c for test pile-2 and test pile-3 locations, respectively of Bayou Lacassine site. The pipe piles 
used as reaction frames were normally driven 4 to 5 days after EOD. The usual practice of the 
Louisiana Department of Transportation and Development (LADOTD) to perform the SLT was at 
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14 days after EOD. A number of restrikes were usually performed in between EOD and the 1st 
SLT, in order to measure the set-up immediately after EOD. For LA-1 and Bayou Teche projects, 
only one SLT was performed on the test piles; however, multiple numbers of SLTs were performed 
on the other investigated projects. As the test piles were being instrumented in these projects, it 
was possible to calculate the sides and tip resistances separately during the SLT. In order to 
measure load distribution along the length of the pile, the data collection system was set to collect 
data at every two minute interval during the SLT, and then the strain gage readings calculated the 
load distribution plot.   
 
3.4.3 Osterberg cell load test (OCLT) 
The OCLT was only performed at the Bayou Bouef project. The Osterberg cell (O-cell) 
instrumented at the tip in order to load the pile. The O-cell is a cylindrical hydraulic jack that is 
used to load the soil below the pile tip taking the pile’s side resistance as a reaction. As a result, 
the pile side is loaded upward using the tip resistance of the soil as a reaction. Since both the side 
and tip resistances are used as reactions to test each other, the OCLT worked as a full-scale proof 
test to either the tip resistance or the side resistance, depending on which one fails first. During 
performing the OCLT in Bayou Bouef project, the side resistance failed always first. This was due 
to the fact that pile set-up was attributed primarily to the increase in pile’s side resistance with 
time. The OCLT can measure the tip and side resistances mobilized during the test. However, since 
the pile was internally instrumented with multiple strain gages, the distribution of mobilized side 
resistance was also calculated to measure the side resistance of individual soil layers. 
 
 
Figure 3.2 Procedure and example of conducting static load test  
 






Figure 3.2 Procedure and example of conducting static load test (continued) 
(b) Load frame arrangement for performing static load 
test at test pile-2 location of Bayou Lacassine site 
(c) Load frame arrangement for performing static load 
test at test pile-3 location of Bayou Lacassine site 
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3.5 Investigated Sites 
Five different sites were selected in Louisiana to perform the pile set-up study. These sites were 
Bayou Zourie, Bayou Lacassine, Bayou Teche, Bayou Bouef and LA-1. The other sites with 
sufficient pile set-up and soil information were selected for verification of the developed models. 
Brief descriptions of these five project sites with the test pile information, instrumentation plan, 
and laboratory and in-situ test results are discussed following: 
 
3.5.1 Bayou Zourie site 
3.5.1.1 Project description 
The project involved construction of a two-lane highway bridge on the northbound lane of U.S.171 
which crosses over Bayou Zourie (31º03ʹ21" N, 93º14ʹ57" W) in Vernon Parish, Louisiana. The 
site was located approximately 1.1 mile (1.8 km) north of LA 10. The existing bridge required 
replacement due to a substandard, load-carrying capacity; the embankment protection was severely 
undermined as well. The schematic view of the construction site, together with photos of the bridge 
site, is depicted in Figures 3.3, a and 3.3, b, respectively. 
 
3.5.1.2 Test pile 
The test pile was a square, composed of a nominally 610 mm (24 in.) wide, 16.8 m (55 ft.) long, 
PSC pile (Figure 3.3, c). The embedment depth of the pile was 15.2 m (50 ft.). The 14 day 
compressive strength of concrete was 49 MPa (457 tsf). The design scour depth was estimated to 
be 6.1 m (20 ft.) and the diameter of the pre-bored hole was 1118 mm (44 in.). As such, the test 
pile location was pre-augered to a 6.1 m (20 ft.) depth. The pile was driven to the design depth of 
15.2 m (50 ft.) below the ground surface, using an ICE I-46 open-end diesel hammer. This hammer 
had a ram weight of 10,145 lbs and a rated energy of 107,700 ft.-lb. 
 
3.5.1.3 Geotechnical conditions 
The test site was characterized using Standard Penetration Tests (SPT), Piezocone Penetration 
Tests (PCPT). A laboratory triaxial and one-dimensional consolidation tests were also performed 
on undisturbed samples. A soil boring log, along with PCPT data, are presented in Figure 3.4, a. 
The liquid limit (LL), plasticity index (PI), particle size distribution, undrained shear strength (Su), 
SPT N-values, and vertical coefficient of consolidation (cv) are also shown in Figure 3.4, a. The 
subsurface conditions consisted of layers of loose to medium sand and silty sand with occasional 
clayey pockets to a depth of 5.2 m (17 ft.). A medium to dense sand exists between 5.2 m (17 ft.) 
and 10.1 m (33 ft.). The pile terminates in a stiff clay that underlies the sand. The SPT number of 
the sand layers varies from 2 to 25, and the undrained shear strength (Su) of the clay layers ranges 
from 139 kPa to 340 kPa (2.9 to 7.1 ksf) [from UU test] and 153 to 488 kPa (3.2 to 10.2 ksf) 
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[estimated from CPT]. A Nk (An empirical cone factor) value of 15 was used, based on local 
experience (Abu-Farsakh, 2004). The groundwater level was about 1.2 m (4 ft.) below the ground 
surface. The results of PCPT dissipation tests at different depths are shown in Figure 3.4, b. Based 
on the dissipation tests, the values of horizontal coefficient of consolidation (ch) were estimated 
using the Teh and Houlsby method (1991) with t50. The values of vertical coefficient of 
consolidation (cv) then were evaluated using the procedure reported by Abu-Farsakh (2004); the 
results are presented in Figure 3.4, a with values ranging from 0.008 to 0.077 cm2/min. The values 
of cv, estimated from one-dimensional consolidation tests on Shelby tube soil samples at different 
depths, are also presented in Figure 3.4, a with a values range from 0.015 to 0.040 cm2/min, which 


























Figure 3.3 Bayou Zourie bridge construction site 
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              Figure 3.4 Soil boring profile and PCPT soil classification at Bayou Zourie site 
 
(a) Soil boreloag and PCPT soil classification at Bayou Zourie 
test site 
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Figure 3.4 Soil boring profile and PCPT soil classification at Bayou Zourie site (continued) 
 
3.5.1.4 Instrumentation plan 
To characterize the change in pile resistance with time, an instrumentation plan, which included 
earth pressure cells, piezometers, and “sister bar” strain gages, was developed and implemented. 
Figure 3.5 shows the instrumentation plan that was implemented for the test pile and in the 
surrounding soil. Vibrating wire pressure cells and piezometers were installed in four locations 
along the test pile at 7.6, 10.7, 12.2 and 13.7 m (25, 35, 40, and 45 ft.) below the ground surface. 
The pressure cells and piezometers were installed in pairs to measure the horizontal effective stress 
acting on the pile face. Each pressure cell-piezometer pair was attached to a support plate, and 
installed flush with the pile surface at the casting yard. Both pressure cells and piezometers were 
covered during the pile casting, and then uncovered after delivery to the test site. Vibrating wire 
“sister bar” strain gages were installed in pairs at each level (i.e., two per level) along the pile at 
depths of 0.3, 4.6, 6.1, 7.6, 10.1, 12.2, 13.7 and 14.6 m (1, 15, 20, 25, 33, 40, 45, and 48 ft.) below 
ground surface. They provided strain measurements near the pile tip and at/near soil layer 
boundaries, which were established from the boring log. By means of this process, it was possible 
to evaluate the pile side shear set-up for each soil layer along the pile length. Nine vibrating wire 
multilevel piezometers were installed one week before pile installation at three distances (1B, 2B, 
and 4B from the pile face, where B was the width of the pile) and at three depths of 10.7, 12.2 and 
13.7 m (35, 40, and 45 ft.) below the ground surface in order to measure the PWP distribution in 
the ground to determine the disturbed zone of soil, which was due to pile driving. Each multilevel 
piezometer was de-aired and saturated prior to installation. 
 
 
(b) Dissipation tests at Bayou Zourie test site 


























































                     
 
Figure 3.5 Instrumentation plan of test pile at Bayou Zourie site 
 
3.5.2 Bayou Lacassine site 
3.5.2.1 Project Description 
The Louisiana Department of Transportation and Development (LADOTD) replaced the old 
Bayou Lacassine Bridge (30º04ʹ12" N, 92º52ʹ36" W) located on Highway 14 in Jefferson Davis 
Parish, Louisiana. The new bridge was built with PSC piles, supported by concrete bents. The 
bridge was approximately 585 m (1920 ft.) in length and consisted of two end bents and sixteen 
intermediate piers, which were supported by a total 152 square PSC piles. The schematic view of 
the construction site of Bayou Lacassine site is depicted in Figure 3.6, a. Figures 3.6, b; 3.6, c and 
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SPT and CPT Location
6.66 m (21.83')
(a) Schematic view of testing site 















                                          
Figure 3.6 Bayou Lacassine bridge construction site (continued) 
 
3.5.2.2 Test Pile 
Three test piles were installed in order to both verify the design and for research purposes. Two 
test piles, Test Pile-1 (TP-1) and Test Pile-3 (TP-3), were instrumented and driven on each side of 
the new bridge. Test Pile-2 (TP-2) was driven in the middle of the waterway between TP-1 and 
TP-3, and due to the inaccessibility of data collection, TP-2 was not instrumented. All of the test 
piles were close-ended, square PSC piles with a 762 mm (30 in.) width. A circular void of 419 mm 
(16.5 in.) diameter ran from 2.4 m (8 ft.) below the top of the pile to 1.5 m (5 ft.) above the tip of 
the pile (Figure 3.7, a). The total length of TP-1, TP-2 and TP-3 were 22.9 m (75 ft.), 25 m (82 
ft.), and 22.9 m (75 ft.), respectively. The test piles TP-1, TP-2, and TP-3 were driven to an 
embedment depth of about 20.4 m (67 ft.), 22.9 m (75 ft.), and 20.4 m (67 ft.), respectively (Figure 
3.7, b). The remaining portions were left above ground to perform the SLTs and DLTs. An 
oversized casing of 914 mm (36 in.) diameter with a length equal to scour depth was installed at 
each load-test pile location in order to isolate the upper portion of the test pile above the scour 
depth from the surrounding soil during pile load tests (Figure 3.7, c). The casing installation depths 
were 6.4 m (21 ft.), 5.5 m (18 ft.), and 6.4 m (21 ft.) for TP-1, TP-2, and TP-3, respectively (Figure 
3.7, d). The test piles were driven, using an I62V2 diesel impact hammer. The hammer carried a 




































Figure 3.7 Test piles of Bayou Lacassine construction site 
 
3.5.2.3 Geotechnical Conditions 
Laboratory and in-situ testing programs were performed to characterize the subsurface soil 
conditions at the test pile locations. Boreholes were drilled at the three test pile locations and high 
quality, 76 mm (3 in.) Shelby tube samples were extracted at different depths for comprehensive 
laboratory testing. The laboratory testing program included moisture content, Atterberg limits, 
grain size distribution with hydrometer analyses, consolidation tests, and Unconsolidated 
(a) Test pile at the casting yard (b) Test pile before driving 
(c) Cross sectional view of the casing  (d) Installed casing  
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Undrained (UU) triaxial tests. The laboratory soil classification tests for TP-1, TP-2, and TP-3 are 
depicted in Figure 3.8, Figure 3.9, and Figure 3.10, respectively. The in-situ testing program 
included performing both piezocone penetration tests (PCPT) and piezocone dissipation tests 
(PDT) near the test pile locations. Figure 3.11, a and Figure 3.11, b depict the piezocone dissipation 
tests obtained at TP-1 and TP-3 locations, respectively. The figures show some differences on the 
dissipation curve types (monotonic versus dilatory dissipation curves) between TP-1 and TP-3 
locations. The different PDT test locations (north side versus and south of bridge), coupled with 
the presence of mixed soil layers, contributed to the different dissipation plots for TP-1 and TP-3. 
The monotonic dissipation curves are usually measured in normally and lightly overconsolidated 
soils, while the dilatory dissipation curves are usually measured in heavily overconsolidated soils, 
due mainly to the dilatory behavior of overconsolidated soils. For the dilatory type curve, the 
dissipation time was calculated from peak value. The horizontal coefficient of consolidation (ch) 
was calculated from PDT tests using the Teh and Houlsby (1991) method. The PCPT provided 
measurements of cone tip resistance (qc) and sleeve friction (fs). The profile of PCPT tests then 
classified the soil using the Zhang and Tumay (1991) probabilistic region estimation method and 
to evaluate the undrained shear strength (Su) and overconsolidation ratio (OCR) of soil layers. The 
laboratory and in-situ PCPT test in the project site revealed the subsurface soil conditions for TP-
1, TP-2 and TP-3 locations as follows: 
Test Pile-1 (TP-1): The subsurface soil profile at the test pile location consisted of soft to 
medium soft clay down to 8 m (26.2 ft.). Underneath that point, there was a layer of silty clay with 
sand pockets from 8 m (26 ft.) to 13.1 m (43 ft.), followed by a medium-to-stiff clay with lenses 
of silt down to 21 m (69 ft.). The soil boring, laboratory test results, CPT profiles, and CPT soil 
classification of the TP-1 location are presented in Figure 3.8. 
Test Pile-2 (TP-2): It was revealed that the subsurface soil condition at the TP-2 location 
consisted of mainly medium-to-stiff silty clay to clayey soil with small silt and sand pockets down 
to about 16 m (52.5 ft.), with some lenses of silt 7 m (23 ft.) to 8.8 m (29 ft.). A sandy layer occurs 
from 16.5 m (54 ft.) to 18 m (59 ft.), with traces of silt. Below that point, soft-to-medium clay with 
interlayers of silt was found between 18 m (59 ft.) to 21 m (69 ft.). The soil boring, laboratory test 
results, CPT profiles, and CPT soil classification of the TP-1 location are presented in Figure 3.9. 
Test Pile-3 (TP-3): The soil boring and CPT profile show that the profile consisted of soft-
to-medium brown lean clay down to 11 m (36 ft.), which was under laid by a gray, fat, silty clay 
layer from 11 m (36 ft.) to 14.6 m (48 ft.). This was followed by a medium-to-stiff sandy clay 
layer, which was interbedded with lenses of silt down to about 21 m (69 ft.). The soil profile, 
laboratory test results, CPT profiles and CPT soil classification of the TP-3 location are presented 






































                             
Figure 3.8 Soil boring profile and PCPT soil classification of TP-1 at Bayou Lacassine site 
(a) Soil classification from laboratory testing  
(b) PCPT soil classification  
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Figure 3.9 Soil boring profile and PCPT soil classification of TP-2 at Bayou Lacassine site 
(a) Soil classification from laboratory testing  































       
                                       
Figure 3.10 Soil boring profile and PCPT soil classification of TP-3 at Bayou Lacassine site 
(a) Soil classification from laboratory testing  




Figure 3.11 Dissipation tests at Bayou Lacassine site 
 
3.5.2.4 Instrumentation 
The instrumentation plan of Test pile-1 and Test pile-3 of the Bayou Lacassine bridge site are 
depicted in Figures 3.12, a and 3.12, b, respectively. In order to measure the side resistance for 
each soil layer along the pile length during the SLTs, TP-1 and TP-3 were instrumented in pairs 
with sixteen vibrating wire strain gages located at eight different depths below the ground surface, 
as shown in Figure 3.12. The locations of strain gages were targeted, specific soil layers. Strain 
gages were installed in pairs on opposite sides of the pile width at each depth; their average 
readings were adopted for analysis in order to eliminate the possibility of bending stress.  
Four sets of vibrating wire pressure cells and piezometers were installed in TP-1 and TP-3 
faces to measure the total earth pressure and excess PWP, and hence found the effective stress with 
time. In addition, nine multilevel piezometers of vibrating wire type were installed in the 
surrounding soil to measure the spatial distribution of excess PWP induced by pile driving. They 
were placed at three different depths and three different distances from the face of test piles, 
designated as MP-1 to MP-9 in Figure 3.12. All piezometers were saturated prior to installation. 
The selected distances were 1B, 2B, and 3B from the face of the test pile, with B as the pile width.  
Prior to pile installation, two strain transducers and two accelerometers were attached at 
1.5 m (5 ft.) below the head of the three piles for Pile Driving Analyzer (PDA) monitoring. The 
PDA recorded the force and velocity during pile driving, and the following restrikes. In order to 
fully capture and record the variation of earth pressure, PWPs and the measured side resistance of 
individual soil layers along the pile with time, the instrumentations were setup to continuously 
collecting data starting immediately before pile driving and extending until the last restrike. During 
these periods, a data acquisition system with a solar panel recorded the data. 




































                        
 
Figure 3.12 Instrumentation plan of test piles at Bayou Lacassine site 
   (a) Test Pile-1 (TP-
1) 
































G. L. Elevation 2.0
W. L. Elevation -6.0
Tip Elevation -65.0
Casing Elevation -19.0
   (b) Test Pile-3 
(TP-3) 









SG = VW Strain Gage
PC = Earth Pressure Cell
PZ = VW Piezometer






























3.5.3 Bayou Teche site 
3.5.3.1 Project Description 
This project, located in New Iberia on LA 3156 (30º00ʹ34" N, 91º49ʹ11" W), replaced the existing 
Jefferson Street Bridge over Bayou Teche. A concrete pile-supported, swing span bridge replaced 
the existing old timber-supported steel swing span, built in 1943, which has sustained many 
mechanical failures and was in dire need of replacement. The new structure was composed of a 
wider, more decorative bridge and sidewalk which will service the traveling public to and from 
the downtown area. The total length of the bridge was 64.6 m (212 ft.) and the width of deck was 












                             
Figure 3.13 Bayou Teche bridge construction site 
 
3.5.3.2 Test Pile 
The test pile was a 610 mm (24 in.) square PSC pile with 19.5 m (64 ft.) in length. The penetration 
depth of the pile was 18.3 m (60 ft.). The pile was driven with it’s own weight for 7.6 m (25 ft.) 
and the remaining 10.7 m (35 ft.) was driven with the aid of the hammer, ICE-I-36. The test pile 
was not instrumented, due to a conflict of construction schedule regarding the delivery of the 
instrumentation. 
 
3.5.3.3 Geotechnical Conditions 
Laboratory testing programs were performed to characterize the subsurface soil conditions at the 
location of the test pile. A borehole was drilled at the test pile location and high-quality, 76 mm (3 
in.) Shelby tube samples were extracted at different depths for comprehensive laboratory testing. 
The laboratory testing program included moisture content, Atterberg limits, and Unconsolidated 
Undrained (UU) triaxial tests.  
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It was revealed that the subsurface soil condition at the test pile location consisted of mainly 
gray silty sand down to about 5.5 m (18 ft.), followed by brown clayey soil up to 8.2 m (27 ft.). A 
brown colored sand layer lies from 8.2 m (27 ft.) to 11.6 m (38 ft.) with traces of silt. Below that, 
a soft-to-medium clay was found between 11.6 m (38 ft.) to 27 m (89 ft.). The soil borelog, 




















                               
Figure 3.14 Soil boring profile for test pile at Bayou Teche bridge site 
 
3.5.4 Bayou Bouef site 
3.5.4.1 Project Description 
The long term pile set-up study was conducted during the construction of the Bayou Bouef bridge 
extension on relocated U.S. 90, east of Morgan City, Louisiana. Figure 3.15 shows a photo of the 
test site. This project consisted of constructing approximately 2.2 miles of bridge structure over 
swampy terrain. Site conditions required the contractor to build a temporary haul road to gain 
access to the project site. This elevated structure was typically supported by four 762 mm (30 in.) 
square PSC piles per bent. The maximum design pile load was typically 163 tons. Plan pile lengths 
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ranged from 38.1 to 45.7 m (125 to 150 ft.) long. The long term pile set-up study was conducted 













                           
Figure 3.15 Bayou Bouef bridge construction site 
 
3.5.4.2 Test Pile 
An instrumented 762 mm (30 in.) square PSC test pile was driven in the Bayou Bouef bridge site 
to perform this set-up study. The total length of the pile was 43.2 m (142 ft.). The pile was driven 
to the design depth of 39.6 m (130 ft.) below the ground surface, using a HPSI 2005 hammer.  
 
3.5.4.3 Geotechnical Conditions 
The subsurface conditions were characterized during the pre-design phase of the project by taking 
soil borings. Extensive laboratory and in-situ testing programs were performed to characterize the 
subsurface soil conditions at the test pile location. Cone penetration test (CPT) probings were taken 
during construction at every other bent along the haul road to perform the in-situ test. The 
subsurface soils at the long term pile set-up study site consisted of normally consolidated soft-to-
medium clays to an approximate elevation of -37.8 m (-124 ft.), followed by medium-to-dense 
sand. A 3.7 m (12 ft.) layer of loose to medium sand was found of elevation -18.3 m (-60 ft.). A 



























Figure 3.16 Soil boring profile and PCPT soil classification at Bayou Bouef site 
 
3.4.4.1 Instrumentation  
The instrumented test pile was fabricated at Gulf Coast Pre-Stress, Inc., LADOTD and Loadtest, 
Inc. personnel supervised the fabrication and assisted in the installation of instrumentation of the 
Osterberg Cell in the test pile. An Osterberg Cell (O-Cell) was cast at the tip of the pile. The O-Cell 
was 406 mm (16 in.) high, 483 mm (19 in.) in diameter, and had a maximum stroke of 229 mm (9 
in.) The O-Cell had a capacity to apply a bi-directional load of 900 tons. Tell-tale pairs were 
attached to the bottom plate of the O-Cell and above the top of the O-Cell in order to measure the 
relative movement of the top and bottom of the O-Cell as the O-Cell expands during load testing. 
The pile was also instrumented with 16 vibrating wire strain gages, placed in diametrically opposed 




                                        
Figure 3.17 Instrumentation plan of test pile at Bayou Bouef site 
 
3.5.5 LA-1 site 
3.5.5.1 Project Description 
The Louisiana Department of Transportation and Development (LADOTD) constructed an 
elevated highway between Golden Meadow and Port Fourchon to replace the previously existing 
LA-1 highway. This project involved the construction of approximately 17 miles (27.35 km) of 
access-controlled, elevated roadway consisting of low-level and medium-level bridges, two 
elevated interchanges, and one fixed high-level bridge over Bayou Lafourche. The first phase of 
the project consisted of the southern half of the alignment, which was approximately 8 mile (12.87 
km) long. With the exception of the Bayou Lafourche crossing, most of the alignment was located 
within an environmentally sensitive region of coastal marsh. An end-on construction was the only 
feasible technique without causing environmental damages. The end-on construction required 
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understanding the time-dependent foundation behavior in order to optimize the construction 
sequence and schedule. As such, it was the desire of the design team and LADOTD to provide as 
much information as possible of the foundation issues to the potential bidders to allow the bidders 
to choose an optimum construction method and schedule. A pre-design pile load testing program, 
consisting of testing various sizes and types of piles at four different locations along the project 
alignment (Figure 3.18), was performed to address the aforementioned concerns. The four 
locations represented the northern mid-level bridge, the high-level Bayou Lafourche crossing, the 
south connector, and the low-level bridge segment. Each test location consisted of two 













                 
 























3.5.5.2 Test Pile 
Nine test piles were driven at four different locations along the LA-1 project. The photos of the 
four test sites are depicted in Figure 3.19. These test piles consisted of six different sizes of PSC 
piles, two 1372 mm (54 in.) spin cast cylinder piles, and one 762 mm (30 in.) open-ended steel 
pipe pile. At the location of TP-2, one PSC 406 mm (16 in.) square and 39.6 m (130 ft.) long solid 
PSC pile were tested, in addition to a 1372 mm (54 in.) diameter concrete spun-cast cylinder pile. 
The PSC pile at the location of TP-3 had a lateral dimension of 762 mm (30 in.) and 57.9 m (190 
ft.) length with a 419 mm (16.5 in.) diameter void. This pile was driven inside of a 1219 mm (48 
in.) diameter steel casing, within which the soil had been removed to a depth of 21.3 m (70 ft.) 
from the mudline. One 762 mm (30 in.) diameter steel pipe pile with a wall thickness of 16 mm 
(0.63 in.), 57.9 m (190 ft.) in length, was installed in the location. The open-ended pile was driven 
within a 1219 mm (48 in.) diameter steel casing, within which the soil had been removed to an 
elevation of approximately -21.3 m (-70 ft.). Another 1372 mm (54 in.) diameter cylindrical 
prestressed pile with 48.8 m (160 ft.) in length was installed in this location. The pile was driven 
within a 1829 mm (72 in.) diameter steel casing, in which the soil had been removed to an elevation 
of approximately -21.3 m (-70 ft.). Both open-ended cylinder piles were manufactured with 6.1 m 
(20 ft.) segments, and post-tensioned to provide continuity and lateral force and moment 
resistances. In order to evaluate the effect of pile installation sequence on set-up behavior, two 
piles were installed close to each other at two test pile locations (TP-4 and TP-5). The test piles of 
same size and type [610 mm (24 in.) PSC piles] were installed 3.05 m (10 ft.) apart within a very 
short period of time (3 hours at TP-4 and 2 hours at TP-5 location). At the location of TP-4, TP-
4a and TP-4b were 48.8 m (160 ft.) and 64 m (210 ft.) long, respectively. At the location of TP-5, 
the test consisted of two 610 mm (24 in.) PSC piles with 44.2 m (145 ft.) and 51.8 m (170 ft.) in 
lengths. All of the piles at TP-4 and TP-5 locations had a 267 mm (10.5 in.) diameter void in the 
center. The schematic view of the load frame and relative distance of the test piles for TP-4 and 
TP-5 locations are depicted in Figure 3.20. Table 3.1 presents the details of the test piles for LA-1 




                                             
                                             
                                             
 
 Figure 3.19 Test pile locations at LA-1 site 
 
(a) Test site 2 
(b) Test site 3  
(c) Test site 4  
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m (in.) m (ft.) m (ft.) m (ft.) m (ft.) 
TP-2 0.4 (16) 40 (130) 37 (120) 3.05 (10) No Vulcan 010 
TP-3 0.8 (30) 58 (190) 55 (180) 3.05 (10) 
21.3 
(70) 
Vulcan 010 / 
Vulcan 020 
TP-4a 0.6 (24) 49 (160) 46 (150) 3.05 (10) No Vulcan 020 
TP-4b 0.6 (24) 64 (210) 61 (200) 3.05 (10) No Vulcan 020* 
TP-5a 0.6 (24) 44 (145) 42 (139) 1.83 (6) No Vulcan 020 
TP-5b 0.6 (24) 52 (170) 50 (163) 2.13 (7) No Vulcan 020 
 
3.5.5.3 Site Geology 
The site, located in the coastal marsh area, primarily consisted of deltaic deposits to a depth of 
48.8 to 60.9 m (160 to 200 ft.) with various thicknesses of backswamp deposits near the surface, 
underlain by substratum sands of substantial thickness. The deltaic plain was formed as the 
Mississippi river shifted course several times. Within the delta plain, distributary switching occurs 
once every 750 to 1500 years (Coleman, 1988). Kolb and Van Lopik (1958) noted that 
interdistributary clays often grade downward into prodelta clays and upward into richly organic 
clays of swamp or marsh deposits. The demarcation between the respective environments was a 
silt/sand layer at depths of about 6.1 to 12.2 m (20 to 40 ft.), depending upon the locations. Kolb 
and Van Lopik (1958) reported cohesive strengths of interdistributary clays being between 4.78 
kPa (100 psf) and 19.15 kPa (400 psf). These strengths, of course, depend also on the past effective 
overburden pressure. Geologically, recent interdistributary clays also tend to exhibit an 
underconsolidation behavior, since they were deposited so recently. Reportedly, interdistributary 
clays in the project vicinity exhibit little increase in strengths to depths of as much as 114.3 m (375 
ft.). This was because these materials were deposited rapidly, during the past 600 to 1,000 years. 
As a result, insufficient time has passed to allow for normal consolidation, given the low drainage 
characteristics of the units. This phenomenon was noted and analyzed for offshore clays by 
Terzaghi (1956). In his paper, Terzaghi indicated that the degree of consolidation for the deposits 
is about 10% at a location about 30 miles (48.3 km) east of the LA-1 site. 
 
3.5.5.4 Geotechnical Conditions 
Extensive laboratory and in-situ testing programs were performed to characterize the subsurface 
soil conditions at each of the test pile locations. Boreholes were drilled at each test pile location, 
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and 76 mm (3 in.) Shelby tube samples were retrieved from boreholes at different depths for 
comprehensive laboratory testing.  
The in-situ testing program included piezocone penetration tests (PCPT). At each test pile 
location, PCPTs were performed near the boreholes. The Zhang and Tumay (1999) probabilistic 
region estimation method was applied to classify the subsurface soils. The soil stratification from 
soil borings and their associated results of laboratory tests, in addition to tip resistance (qc) and 
friction ratio (Rf) from PCPT tests of four test piles locations, are presented in Figure 3.21 to Figure 
3.24. Generally the soil conditions consisted of clays within the depths of explorations with some 
silty and sandy soils between the depths of about 9.1 m (30 ft.) and 12.2 m (40 ft.) and again 
between 36.6 m (120 ft.) and 38.1 m (125 ft.) depths. The locations of sand/silt strata vary from 
location to location. Details of the laboratory and in-situ tests at each of the test locations are 
described in the following section.  
Test Pile-2 (TP-2). The top 4.6 m (15 ft.) of the soil stratum consisted of Organic Clay 
(OH) followed by very soft, gray clay to the depth of 10.4 m (34 ft.). Stiff, gray silty clay (CL) 
with traces of silt was found below the 27.4 m (90 ft.) depth. Figure 3.21 depicts the soil profiles 
along with the associated properties, i.e., Atterberg limits, undrained shear strength (Su), and 
OCRs.  
Test Pile-3 (TP-3). The soil descriptions, laboratory test results, PCPT soundings, and 
PCPT soil classification at this location are presented in Figure 3.22. The soil just below the 
mudline consisted of gray clay (CH) with peat and traces of sand to approximately a depth of 9.1 
m (30 ft.). It was followed by a layer of gray silty sand (SM) to the depth of 13.4 m (44 ft.). A very 
dense, gray silty sand (SM) was observed between the depths of 23.1 m (78 ft.) and 29 m (95 ft.), 
which was underlain by stiff gray clay to the bottom of exploration of about 57.3 m (178 ft.). The 
bottom layer consisted of dark gray clay (CH) at depths approximately 49.3 m (162 ft.) to 57.3 m 
(178 ft.). 
Test Pile-4 (TP-4). Similar to the other two sites, the upper soil stratum consisted 
predominantly of gray clay (CL) with intermittent seams and pockets of silt (ML), sand (SP) and 
organic material up to 22.3 m (73 ft.), which was followed by gray silty sand (SM) with clay (CL) 
layers and silt (ML) pockets to the depth of about 30.5 m (100 ft.). The soil profile and PCPT soil 
classification at TP-4 location are depicted in Figure 3.23. 
Test Pile-5 (TP-5). The soil conditions from the soil boring and PCPT sounding at the 
location of TP-5 are shown in Figure 3.24. The subsurface soil consisted of organic rich soils at 
the upper 3.05 m (10 ft.). A loose sandy layer (SM) was found between depths of about 9.1 m (30 
ft.) and 13.7 m (45 ft.), underlain by soft-to-medium gray clay (CH) to 37.5 m (123 ft.) depth. 
Another significant sand layer (SM) was found below the depth of about 37.5 m (123 ft.) to 41.8 
m (137 ft.).  
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Figure 3.22 Soil boring profile and PCPT soil classification of TP-2 at LA-1 site 
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Figure 3.23 Soil boring profile and PCPT soil classification of TP-3 at LA-1 site 
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Figure 3.24 Soil boring profile and PCPT soil classification of TP-4 at LA-1 site 
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The PSC piles were each instrumented with seven to eight levels of strain gages in order to evaluate 
load distribution along the length of the piles and measure the side and tip resistances, seperately. 
Due to the length and barge size limitation, the piles were cast in two equal length segments. They 
were field spliced using Sure-Lock mechanical splices. Strain gages were installed after the pile 
strands had been tensioned. Two gages were placed at each level on opposite faces of the piles 
(Figure 3.25). PVC pipes were cast into the upper segment of each pile to allow strain gage lead 
wires from the bottom segment to be routed to the pile top during installation. The Sure-Lock 
mechanical splices were modified to provide a through hole for these lead wires. The top and 
bottom pile sections were notched just above and below the splices to allow for proper wire 
routing. After the sections had been spliced in the field, the wires from the bottom section were 
pulled through the PVC pipes embedded in the upper section, and exposed wires and notches were 
grouted to protect the lead wires from the soil as the piles were driven to tip. All the strain gages 
were connected to a MEGADAC data acquisition system. Data were sampled and recorded at 10 
second intervals for the SLTs. The instrumentation plans for all the test piles of LA-1 project site 
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Figure 3.27 Instrumentation plan of test piles at LA-1 site 












































































































































3.6 Summary and Discussion 
In order to perform the full scale set-up study, five different sites were selected and twelve PSC 
piles were driven in different soil conditions. Laboratory and in-situ tests were performed in order 
to characterize the subsurface soil condition at the test pile locations. The focus of this research 
study was to measure set-up of individual soil layers along the length of the piles. Hence, the piles 
were instrumented with vibrating wire strain gages in order to measure set-up of individual soil 
layers. Pressure cells and piezometers were installed in pairs to measure the increase of effective 
stress in selected test piles in order to better understand the set-up phenomenon. The subsurface 
soil properties presented in this chapter will be correlated with the set-up rate of individual soil 




















CHAPTER FOUR  
ANALYTICAL DISCUSSION OF SET-UP RESULTS 
 
4.1 Introduction 
In literature, pile set-up is usually measured in terms of total resistance (Rt), and pile set-up 
prediction models are usually based in terms of total resistance (Rt). In this study, the set-up was 
mainly focused to measure by individual soil layers. As earlier discussed, the pile set-up study was 
conducted at five different sites on twelve test piles. SLTs and DLTs were conducted at different 
time intervals after EOD, in order to measure set-up. Pile set-up may be measured and expressed 
in two different approaches. They are: amount of set-up and logarithmic rate of pile set-up “A”. 
Amount of set-up is expressed as set-up ratio in this study. The set-up ratio (Rt/Rto), is defined as 
the resistance at a certain restrike or load test over EOD resistance. The logarithmic rate of set-up 
“A” proposed by Skov and Denver (1988) can be calculated as: 
Rt
Rto
 = 1 + A log 
t
to
                                            … 4.1 
  However, instead of total resistance (Rt), the logarithmic rate of set-up was measured by 
unit side resistance (fs) of individual soil layers, which can be expressed as: 
fs
fso
 = 1 + A log 
t
to
                                                       … 4.2 
Resistance of individual soil layers during the DLT can be measured by CAPWAP load 
distribution. Load distribution measured by strain gage readings during the SLT was used to 
measure the resistance of individual soil layers. This chapter will discuss the detailed analyses of 
DLT and SLT results at each test pile location, followed by an interpretation of the set-up results 
in terms of total resistance (Rt) as well as a compressive analyses of set-up for individual soil layers 
of each test pile. The set-up behavior of each soil layer with the aid of instrumentation such as 
pressure cells and piezometers, are also analyzed and discussed.  
  
4.2 Set-up Results of Bayou Zourie Site 
For estimating the pile set-up, the pile resistances were measured at different time intervals after 
EOD for this Bayou Zourie project. The load testing program was inclusive of three DLTs and two 
SLTs after EOD. DLTs were conducted on the test pile at predetermined intervals in order to assess 
the development of “pile set-up” following EOD. In addition, two SLTs were conducted on the 
test pile at 14 and 30 days after EOD. The load test result of the test pile is tabulated in Table 4.1. 
The set-up plot for total resistance (Rt) of the test pile is depicted in Figure 4.1. More information 




Table 4.1: Load test results of test pile at Bayou Zourie site 














Figure 4.1 Total pile resistance (Rt) versus elapsed time of test pile at Bayou Zourie site 
 
4.2.1 Set-up in term of total pile resistance (Rt) 
4.2.1.1 Dynamic load test (DLT) 
Three high-strain DLTs were conducted on the test pile at different time intervals from 60 minutes 
after EOD, and up to a maximum of 77 days after EOD, for the test pile. The test pile was 
monitored during driving and during the subsequent restrikes, using PDA. The monitoring was 
performed in general accordance with ASTM standard D 4945. To determine the resistance 
distribution along the length of the pile and to measure the side and tip resistances seperately during 
the DLTs, Case Pile Wave Analysis Program (CAPWAP) analyses were performed on selected 
blows at the EOD, as well as the first high energy blow of each restrike event. The unit side 









Days kN (kips) 
Ratio 
(Rs/Rso) kN (kips) Ratio kN (kips) 
Ratio 
(Rt/Rto) 
EOD - 1624 (365) 1.0 1054 (237) 1.0 2678 (602) 1.0 - 
1st DLT 0.07 2033 (457) 1.3 983 (221) 0.9 3016 (678) 1.1 14 
2nd DLT 1 2095 (471) 1.3 1090 (245) 1.0 3185 (716) 1.2 16 
3rd DLT 77 2918 (656) 1.8 988 (222) 0.9 3906 (878) 1.5 28 
1st SLT 14 - - - -   - 
2nd SLT 30 - - - -   - 
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restrikes are presented in Figures 4.2, a and 4.2, b, respectively. The set-up results for DLT of 
Bayou Zourie site are presented in Table 4.1. In addition to the increase in driving resistance 
presented in Table 4.1 between the EOD and restrikes, the results of CAPWAP analyses also 
indicated an increase in resistance for each restrike event. The set-up ratio of side (Rs/Rso) and total 
(Rt/Rto) pile resistance at different times and with reference to the calculated pile resistance at EOD 
from CAPWAP analyses are also presented in Table 4.1. The change in total pile resistance (Rt), 
side resistance (Rs), and tip resistance (Rtip) are listed separately to illustrate the different effects 
of set-up. Both total (Rt) and side (Rs) resistances increased with time after EOD. Compared to the 
EOD, the increase in CAPWAP calculated side resistance (Rs) was 80% higher while the total pile 
resistance (Rt) increased by 46%. The tip resistance (Rtip) component remained virtually the same 
even after 77 days. This indicates that the pile set-up was mainly due to an increase in side 
resistance (Rs). As shown in Figure 4.1, the CAPWAP based total resistance (Rt), as a function of 
time, was best fitted to a logarithmic time scale with a relatively high coefficient of correlation 
(R2) of 0.93, suggesting a logarithmic time relationship similar to the model proposed by the Skov 
and Denver (1988) model.  
 
Figure 4.2 Unit side resistance and total resistance distribution of test pile at Bayou Zourie site 
(a) Unit side resistance distribution (b) Total side resistance distribution 
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It should be noted that the CAPWAP analysis of the pile resistance generally assumes that 
the pile displacement equals or exceeds the values of soil quake, which is defined as the maximum 
elastic soil deformation. However, the CAPWAP analysis of 3rd DLT was performed on data 
obtained from piles driven at a penetration resistance of 140 blows/0.3m. Research has shown that 
blow counts in excess of 120 blows/0.3m may not cause enough displacement to fully mobilize 
the soil resistance (Rausche et al. 1985; Fellenius et al. 1989). Therefore, the CAPWAP determined 
pile resistance at 3rd DLT in this study was likely smaller than the true pile resistance. Additionally, 
neither of the two SLTs was loaded to failure, as will be discussed in the following section. 
Therefore, a direct comparison of SLTs and CAPWAP results was not possible for this project 
site. As such, the observed pile set-up in dynamic and SLTs are discussed separately and 
specifically for this case. 
 
4.2.1.2 Static load test (SLT) 
The compression SLTs were conducted by means of a 4,448 kN (1,000 kips) hydraulic jack, 
reacting against beams connected to the reaction piles. The applied load was determined by means 
of a 4,448 kN (1,000 kips) load cell. Based on preliminary calculations, which later proved to be 
underestimated, it was assumed that the pile could be tested to failure with a 4,448 kN (1,000 kips) 
test system. Two SLTs were performed on the test pile at 14 and 30 days after the end of pile 
driving. Each load test consisted of three stages: loading, unloading, and reloading. In other words, 
the pile was first loaded to 2,242 kN (504 kips) with 125 kN (28 kips) increments, then unloaded 
to zero load with 747 kN (168 kips) decrements. After the load was removed, the pile was reloaded 
to 2,242 kN (504 kips) in increments of 747 kN (168 kips), and finally, the load was increased in 
increments of 125 kN (28 kips) until either the pile or hydraulic jack reached maximum capacity. 
The load was maintained as a constant during each load increment.  
In the SLTs, the pile was loaded to the maximum capacity of the hydraulic jack [4,448 kN, 
(1000 kips)], which corresponds to about 3 times the pile design load. However, the test pile still 
did not reach failure. The higher than anticipated capacity could be attributed partially due to the 
contribution of the upper 6.1 m (20 ft.), which was pre-augured and therefore ignored. Load 
settlement curves of the two SLTs are presented in Figure 4.3. An extrapolation of the measured 
load settlement curves was performed based on engineering judgment. The possible range of the 
extrapolated load settlement curves is indicated in the figure by the “hatched region” at the end of 
the measured data for each curve. Ultimate pile resistances were estimated using the extrapolated 
curves and the Davisson method (1972) for piles with a diameter of 610 mm (24 in) or less. The 
extrapolated pile resistances were 4,492 kN (1,010 kips) to 4,991 kN (1,122 kips) and 4,857 kN 
(1,092 kips) to 5,524 kN (1,242 kips) for 14 and 30 days, respectively. The static load resistances 
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are also included in Figure 4.1 for comparison with the dynamic load resistances from CAPWAP 
analyses.    
 
 
Figure 4.3 Load settlement plot of test pile at Bayou Zourie site 
The strain gage readings obtained during the load tests were used to estimate the 
distribution of a load transfer along the pile, as presented in Figure 4.4. As seen from Figure 4.4, 
the load transferred to the tip of the pile decreased with time (for example, at the applied load of 
4,773 kN (1073 kips), the load estimated by the bottom strain gage measurements decreased from 
641 kN (144 kips) to 590 kN (133 kips) with time. Based on these load transfer curves, the 
distribution of unit side resistance (fs) and total side resistance (Rs) along the pile at a specific 
displacement can be calculated, as shown in Figure 4.5. This is necessary to understand the pile 
set-up, since the pile was not loaded to failure. These curves appear to support the conclusion of 
time-dependent increase of side resistance in clayey soil. In the sandy soil layer, the side resistance 
decreased after 1st SLT, which was consistent with the observation in the DLTs.  
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Figure 4.4 Load distribution plots of test pile at Bayou Zourie site 
(a) 1st SLT 



































































































































































































Figure 4.5 Comparison of unit and total side resistance during 1st SLT and 2nd SLT of test pile at 
Bayou Zourie site 
 
4.2.2 Set-up in terms of individual soil layers 
Set-up of soils needs to be analyzed for individual soil layers along the pile length, rather than the 
total pile resistance, for better prediction of set-up phenomenon. The soil properties such as 
plasticity index (PI), undrained shear strength (Su), permeability (kh), OCR, sensitivity (St) and 
coefficient of consolidation (cv or ch), have a significant effect on the set-up process that cannot be 
incorporated into the pile set-up, unless analysis is performed for individual soil layers. The 
resistances estimated from the DLTs were analyzed, using the data obtained from the CAPWAP 
program in order to estimate the side resistance for individual soil layers along the length of the 
pile. The load transfer distribution plots (Figure 4.4) were not used specifically for this project site, 
since the pile did not reach to the failure load during the SLT. The calculated side resistances of 
all the individual soil layers, ratio of side resistance set-up, and the depths of individual soil layers 
for test piles are tabulated in Table 4.2. The subsurface soil properties for the corresponding layers 
are provided in Figure 3.4. A logarithmic set-up parameter “A” for individual soil layers was also 
calculated, using the unit side resistance (fs) and tabulated in Table 4.2. 
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Unit Side Resistance (kPa)
s = 3.86 mm (SLT1)
s = 3.86 mm (SLT2)
s = 2.07 mm (SLT1)
s = 2.07 mm (SLT2)
s = 0.94 mm (SLT1)
s = 0.94 mm (SLT2)






(a) Comparison of unit side resistance 
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Total Side Resistance (kN)
s = 3.86 mm (SLT1)
s = 3.86 mm (SLT2)
s = 2.07 mm (SLT1)
s = 2.07 mm (SLT2)
s = 0.94 mm (SLT1)
s = 0.94 mm (SLT2)






(b) Comparison of total side resistance 
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Table 4.2: Side resistance for individual soil layers of test pile at Bayou Zourie site 
 
The soil layers along the length of the test pile were divided into six individual soil layers 
in order to facilitate the analyses of individual soil layers. The top 6.0 m (19.7 ft.) was pre-bored 
before driving and no casing was installed. Therefore, a small amount of resistance 284 kN (64 
kips) was observed during driving, due to soil-pile interaction. Layers 2 and 6 represent the sandy 
soil layers for this test pile location, and layers 3, 4 and 5 represent the clayey soil layers. The 
sandy soil layers exhibited relaxation, whereas the clayey soil layers exhibited an increase in 
resistance or set-up behavior. The tabulated data of Table 4.2 shows that during the 1st DLT (i.e., 
1.7 hour after EOD), the side resistance of those two sandy soil layers (i.e., layers 2 and 6) was 
higher than the EOD side resistance, followed by a decrease in side resistance or an exhibited 
relaxation behavior. A quick dissipation of excess PWP immediately after pile driving may 
contribute to this behavior. The consolidation behavior related to the set-up for both sandy and 
clayey soil layers are depicted in Figure 4.6, a to Figure 4.6, d. The side resistances of individual 
soil layers are also presented in these figures as a function of time. Figure 4.6, a shows that most 
of the excess PWP dissipated before 2nd DLT (24 hours after EOD). As stated earlier, during that 
time period (i.e., EOD and 1st DLT), the side resistance of the sandy soil layer logarithmically 
increased with time, followed by a decrease in the resistance in the sandy soil layers. On the 
contrary, all the three clayey soil layers exhibited a significant amount of set-up, while the 
maximum amount (i.e., 4.9 times higher compared to EOD side resistance) of set-up was exhibited 







































































































resistances for clayey soil layers 3 and 5, respectively. The logarithmic set-up parameter “A” 
calculated using the unit side resistance (fs), was also higher for layer 4, compared to layers 3 and 
5. Logarithmic set-up parameter “A” for layer 4 was 0.34, whereas the “A” parameter for layers 3 
and 5 were 0.15 and 0.29. The lower undrained shear strength [i.e., 100 kPa (1 tsf)] and slower 
dissipation of excess PWP compared to other clayey soil layers (i.e., layers 3 and 5) may contribute 
to this higher amount of set-up and rate of set-up for layer 4. The dissipation of excess PWP and 
increase of side resistance with logarithmic of time for layers 2, 4 and 5 are depicted in Figures 
4.6, a; 4.6, b and 4.6c, respectively (Two piezometers were installed in layer 5). Figure 4.6, a to 
Figure 4.6, c show that all the clayey soil layers (i.e., layers 4 and 5) exhibited slower dissipation 
of excess PWP compared to the sandy soil layers (i.e., layer 2) due to low permeability. As can be 
observed from Figure 4.6, d about 98% of the excess PWP that was developed during pile driving 
in clayey soil layer dissipated in about 60 days after EOD. During this period (i.e., EOD to 60 
days), 80% of the total set-up was completed, due to consolidation and thixotropic behavior. The 
remaining 20% of total set-up may be attributed to the aging effect. The results agree well with 
published studies in literature, which show that the set-up for clayey soil layer is dominated by 
consolidation behavior (e.g., Bullock et al. 2005, Ng et al. 2013a). The piezometers installed in 
layer 4 showed that 98% of excess PWP dissipated in 60 days, whereas the piezometer installed in 
a sandy soil layer (i.e, layer 2) exhibited that 98% of excess PWP dissipated before 1 day after 















                
Figure 4.6 Set-up of individual soil layers and correlation with dissipation of excess PWP for test 
pile at Bayou Zourie site 

















      
















                 
Figure 4.6 Set-up of individual soil layers and correlation with dissipation of excess PWP for test 




(b) Layer 4: Piezometer installed at 10.7 m (35 ft.) 
 













       
    
                
Figure 4.6 Set-up of individual soil layers and correlation with dissipation of excess PWP for test 
pile at Bayou Zourie site (continued) 
 
4.2.3 Distribution of excess PWP in the remolded zone 
Figure 4.7 presents the distribution of excess PWP measured at different depths, 8 minutes after 
EOD. As shown in the figure, the excess PWP sharply decreased from the pile face to a distance 
of 2B from pile face, after which it decreased at a much lower rate. This suggests that the 
surrounding soil along the pile (within 2B) was significantly disturbed or compressed due to pile 











               
                                              
 
               Figure 4.7 Excess PWP distributions with the distance after EOD at Bayou Zourie site 
(d) Layer 5: Piezometer installed at 13.7 m (45 ft.) 
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4.3 Set-up Results of Bayou Lacassine Site 
An extensive load testing program was initiated after pile installation using both SLTs and DLTs 
at the Bayou Lacassine site. To estimate the set-up immediately after pile driving, two initial DLTs 
were performed within 24 hours after EOD for the three test piles. Five SLTs were then conducted 
on the two instrumented test piles (TP-1 and TP-3) over a period of six months, and one SLT was 
performed on the other non-instrumented test pile (TP-2) at twenty two days after EOD. A final 
restrike was also performed on each test pile after the last SLT. The measured side (Rs), tip (Rtip) 
and total (Rt) resistances with time for all tests are tabulated in Table 4.3. The plots of total pile 
resistance with time after EOD are presented in Figures 4.8, a; 4.8, b; and 4.8, c, respectively. As 
shown in the figures, the total pile resistance was best fitted to a logarithmic time scale with a 
higher coefficient of correlation (R2) of 0.93, 0.99 and 0.87 for TP-1, TP-2, and TP-3 respectively, 
suggesting a logarithmic time relationship similar to the model proposed by Skov and Denver 
(1988). More information about the results and analyses of Bayou Lacassine site can be found in 















                           
                            
 




























                          






(b) Test Pile-2 (TP-2) 
(c) Test Pile-3 (TP-3) 
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4.3.1 Set-up in terms of total pile resistance (Rt) 
4.3.1.1 Dynamic load test (DLT) 
Three high strain DLTs were carried out on each test pile at different time intervals from 30 
minutes after EOD, up to a maximum of 217 days after EOD for TP-1, 23 days after EOD for TP-
2, and 181 days after EOD for TP-3. Restrike events were performed using PDA, including two 
accelerometers and two transducers attached to the pile top. PDA was employed to monitor the 
driving stresses at each high strain DLT. The time intervals of conducting the DLTs and 
corresponding total, side, and tip resistances are tabulated in Table 4.3 for all three test piles.   
 





































Days kN (kips) kN (kips) kN (kips) mm (in.) 
Test Pile-1 (TP-1) 
EOD - 1038 (233) 339 (76) 1377 (309) 8.4 (0.3) 
1st DLT 0.02 1139 (256) 355 (80) 1494 (336) 7.9 (0.3) 
2nd DLT 1 1545 (348) 354 (79) 1899 (427) 8.4 (0.3) 
1st SLT 13 1695 (381) 316 (71) 2011 (452) - 
2nd SLT 53 1901 (427) 323 (73) 2224 (500) - 
3rd SLT 127 2130 (479) 361 (81) 2491 (560) - 
4th SLT 148 2191 (493) 407 (91) 2598 (584) - 
5th SLT 208 2094 (471) 415 (93) 2509 (564) - 
3rd DLT 217 2376 (534) 451 (102) 2827 (636) 3.3 (0.1) 
Test Pile-2 (TP-2) 
EOD - 1372 (308) 592 (133) 1964 (441) 12.2 (0.5) 
1st DLT  1534 (345) 574 (129) 2108 (474) 6.4 (0.25) 
2nd DLT 1 2302 (518) 632 (142) 2934 (660) 8.4 (0.3) 
1st SLT 22   3345 (752) - 
3rd DLT 23 2733 (614) 597 (134) 3330 (748) 1.8 (0.07) 
Test Pile-3 (TP-3) 
EOD - 1495 (336) 765 (172) 2260 (508) 8.4 (0.3) 
1st DLT 0.04 1851 (416) 791 (178) 2642 (594) 5.1 (0.2) 
2nd DLT 1 2171 (488) 720 (162) 2891 (650) 5.1 (0.2) 
1st SLT 15 3100 (697) 681 (153) 3781 (850) - 
2nd SLT 29 2909 (654) 667 (150) 3576 (804) - 
3rd SLT 93 2821 (634) 693 (156) 3514 (790) - 
4th SLT 129 2786 (626) 657 (148) 3443 (774) - 
5th SLT 175 2896 (651) 645 (145) 3541 (796) - 
3rd DLT 181 2856 (642) 765 (172) 3621 (814) 2.0 (0.08) 
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The test results showed a significant increase in resistance for all three test piles started 
immediately after driving. The 1st restrike, which was conducted within 1 hour after EOD on all 
test piles, showed that the total resistance was increased by 9%, 7%, and 17% for TP-1, TP-2, and 
TP-3, respectively. An initial excess pore water dissipation and thixotropic effect may attribute to 
this significant amount of set-up over a very short time period. The final restrike showed that the 
total resistance was 2.1, 1.7, and 1.6 times higher, compared to the EOD total resistance for TP-1, 
TP-2 and TP-3, respectively. 
The final restrike demonstrated that the side resistance was increased by 130%, 100% and 
91% for TP-1, TP-2, and TP-3, respectively, as compared to the EOD values. The tip resistance 
was almost constant over time for TP-2 and TP-3, which implies that the set-up primarily occurred 
along the side for the test piles. However, the tip resistance of TP-1 was almost constant until the 
4th SLT, and then increased by 33% in the last restrike (217 days after EOD). This behavior will 
be discussed later. 
 
4.3.1.2 Static load test (SLT) 
Five SLTs were conducted on both instrumented test piles (TP-1 and TP-3) over a period of six 
months after EOD in accordance with ASTM Standard D1143; one SLT was conducted on Test 
Pile-2 (TP-2). The time schedule of each SLT is tabulated in Table 4.3. Sixteen reaction pipe piles 
of 610 mm (24 in.) diameter were installed at each test pile location 8-10 days after pile driving. 
Compressive axial loads were applied to the pile, using a 6,672 kN (1,500 kip) capacity hydraulic 
jack, reacting against the load frame. The load was applied in increments of 10 percent of the 
proposed design load [1,219 kN (274 kips)], with a constant time interval of 5 minutes between 
increments (quick test). The load was added until continuous jacking was required to maintain the 
test load. The load was applied in three different stages: loading [up to 1,112 kN (250 kips)], 
followed by unloading to 44.48 kN (10 kips), and then reloading to failure point. At the end, the 
load was removed in decrements of 25 percent of the maximum failure load.  
According to LADOTD design criteria, the minimum settlement of the tested pile at the 
plunging load during the SLT should be at least 10% of the pile diameter. However, in order to 
minimize the soil disturbance and remolding effect, the research team decided to limit the plunge 
of both instrumented test piles at the failure load to 25.4 mm (1 in.) after the 2nd SLT. Figures 4.9, 
a; 4.9, b; and 4.9, c present the measured load settlement curves for TP-1, TP-2 and TP-3, 
respectively. The ultimate resistance of each pile was calculated using the modified Davisson 
interpretation method (1972), and the values are presented in Table 4.3. Test results of TP-1 
showed that the total pile resistance increased by approximately 46% by the 1st SLT (13 days after 


































                
 
Figure 4.9 Load settlement plots of tets piles at Bayou Lacassine site  
 
 
 (b) Test Pile-2 (TP-2) 















                          
Figure 4.9 Load settlement plots of tets piles at Bayou Lacassine site (continued) 
However, the pile resistance decreased slightly (~5%) during the 5th SLT (208 days after 
EOD) compared to the 4th SLT, which was still 1.8 times higher compared to the EOD total 
resistance. The last restrike (217 days after EOD) immediately after the 5th SLT supports the set-
up trend, and the total resistance was finally 2.1 times higher compared to EOD. It was observed 
that during the 4th SLT and 5th SLT, the tip resistance was increased by a small amount (20%), 
which was also observed in the last restrike of TP-1. As discussed earlier, the increase in tip 
resistance for TP-1 may be due to the additional compaction of the soil below the tip, caused by 
SLTs and/or a long term increase in strength, due to aging and delay in consolidation process. Only 
one SLT was conducted on TP-2. The total resistance was 1.7 times higher, compared to the EOD 
total resistance for TP-2. The behavior of TP-3 during the SLTs was slightly different from TP-1. 
The total resistance of TP-3 increased significantly by 67% at the 1st SLT (15 days after EOD) as 
compared to the EOD total resistance. However, the total resistance stayed almost constant during 
the following SLTs. The total resistance for TP-3 at the 5th SLT (175 days after EOD) was 1.6 
times higher than the EOD total resistance value. The result of side resistance followed the same 
trend as the total resistance. It was observed from the SLTs that the side resistance increased 
significantly for all three test piles with time. The side resistance increased by 63% at the 1st SLT 
for TP-1, and continued to increase until the 4th SLT (111%). The 5th SLT (208 days after EOD) 
exhibited a small decrease (4%) in side resistance for TP-1. The side and tip resistance cannot be 
calculated separately for TP-2, since it was not instrumented. On the other hand, the side resistance 
 (c) Test Pile-3 (TP-3) 
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of TP-3 increased significantly by 107% at the 1st SLT (15 days after EOD), and then kept mostly 
constant in the following SLTs.  
Figure 4.10 and Figure 4.11 present the load distribution plots of the SLTs for TP-1 and 
TP-3, respectively. The load distribution plot cannot be measured for TP-2, since it was not 
instrumented. In order to capture the strain gage measurements for every incremental load during 
the SLTs, the data acquisition system was set to collect the data at two minute intervals during 
each SLT. The strain data at each incremental load were obtained with reference to the strain 
measure reading taken just before the SLT. The pairs of strain gages installed near the top and 
bottom of the casing showed that 100% load transfer was observed in the top 6.4 m (21 ft.) for 
both instrumented test piles. The side resistance was then derived from the load transfer plots. A 
comparison between the side resistances under the failure load is plotted in Figures 4.12, a and 
4.12, b for TP-1 and TP-3, respectively. These plots confirm the results that side resistance 











       
 
 
                           
                       
     Figure 4.10 Load distribution plots of TP-1 at Bayou Lacassine site 
 














                           
 
 








                               
Figure 4.10 Load distribution plots of TP-1 at Bayou Lacassine site (continued) 
(b) 2nd SLT 
(c) 3rd SLT 
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Figure 4.10 Load distribution plots of TP-1 at Bayou Lacassine site (continued) 
 
(d) 4th SLT 
(e) 5th SLT 
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Figure 4.11 Load distribution plots of TP-3 at Bayou Lacassine site 
 
(a) 1st SLT 




                                 
      










































Figure 4.11 Load distribution plots of TP-3 at Bayou Lacassine site (continued) 
(c) 3rd SLT 
(d) 4th SLT 
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Figure 4.11 Load distribution plots of TP-3 at Bayou Lacassine site (continued) 
 
  
Figure 4.12 Comparison of ultimate side resistance of test piles at Bayou Lacassine site 
(e) 5th SLT 
(a) Test pile-1 (TP-1) (b) Test pile-3 (TP-3) 
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4.3.2 Set-up in terms of individual soil layers 
Set-up of soils needs to be analyzed for individual soil layers along the pile length rather than the 
total pile resistance for better prediction of set-up phenomenon. The resistances estimated from 
the DLTs were analyzed using the data obtained from the CAPWAP program in order to estimate 
the side resistance for individual soil layers along the length of the piles. The load transfer 
distribution plots (Figures 4.10 and 4.11) were generated and used to estimate the side resistances 
for all the soil layers along TP-1 and TP-3 from the SLTs. For TP-2, only the side resistance 
evaluated from CAPWAP analyses was used to estimate the side resistance of individual soil 
layers.  
 
4.3.2.1 Soil layers along test pile-1 (TP-1) 
Each soil layer along the length of TP-1 experienced a certain degree of set-up. The side resistance 
of individual soil layers and the set-up ratio of side resistance of individual soil layers are tabulated 
in Table 4.4. Figures 4.13,a; 4.13, b; 4.13, c, and 4.13d present the set-up ratio of unit side 
resistance (ft/fo) for individual soil layers, as well as the corresponding dissipation plots of excess 
PWP (consolidation process) for layers 2, 4, 6, and 8 of TP-1, respectively. The logarithmic rate 
of set-up parameter “A” is also presented for all the layers in the figures in order to correlate with 
soil properties such as plasticity index, undrained shear strength (Su), sensitivity (St), permeability 
(kh) and horizontal coefficient of consolidation (ch). The effects of buildup and dissipation of 
excess PWP on set-up after EOD for layers 2, 4, 6, and 8 of TP-1 were recorded by the piezometers 
installed at depth of 8.5 m (28 ft.), 12.2 m (40 ft.), 16.5 m (54 ft.) and 19.5 m (64 ft.), respectively.  
 
Table 4.4: Side resistance for individual soil layers of TP-1 at Bayou Lacassine site 
 


























152 (34) 89 (20) 151 (34) 329 (74) 125 (28) 107 (24) 85 (19) 
1st DLT  173 (39) 95 (21) 172 (39) 349 (78) 136 (31) 123 (28) 91 (20) 
2nd DLT 1 306 (69) 166 (37) 185 (42) 444 (100) 179 (40) 150 (34) 115 (26) 
1st SLT 13 371 (83) 196 (44) 193 (43) 471 (106) 187 (42) 161 (36) 116 (26) 
2nd SLT 53 462 (104) 218 (49) 197 (44) 489 (110) 228 (51) 168 (38) 139 (31) 
3rd SLT 127 480 (108) 254 (57) 231 (52) 598 (134) 232 (52) 193 (43) 142 (32) 
4th SLT 148 491 (110) 261 (59) 242 (54) 613 (138) 236 (53) 205 (46) 143 (32) 
5th SLT 208 485 (109) 240 (54) 218 (49) 560 (126) 236 (53) 208 (47) 147 (33) 
3rd DLT 217 498 (112) 280 (63) 257 (58) 704 (158) 250 (56) 219 (49) 168 (38) 













          











                                   
Figure 4.13 Set-up of individual soil layers and correlation with dissipation of excess PWP for 
TP-1 at Bayou Lacassine site 
 
 
(a) Layer 2 
























                                 
Figure 4.13 Set-up of individual soil layers and correlation with dissipation of excess PWP for 
TP-1 at Bayou Lacassine site (continued) 
 
Layers 2 and 3 exhibited the highest increase of side resistances among all the soil layers 
of TP-1 with time. The calculated side resistances during the last restrike (217 days after EOD) 
were 3.3 times higher for layer 2, compared to the EOD side resistance. The undrained shear 
(c) Layer 6 
(d) Layer 8 
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strength (Su) measured by the UU test for layer 2 was 18 kPa (0.2 tsf), which was lower than the 
other soil layers of TP-1; the OCR of this layer from consolidation test was 3.5, which was also 
higher than the other soil layers. The lower value of Su for layer 2 contributes to the higher 
magnitude of set-up in this layer, compared to the other soil layers. The piezometer installed at 8.5 
m (28 ft.) depth of layer 2 recorded 48 kPa (0.5 tsf) of peak excess PWP generated during pile 
driving; 99% of this excess PWP was dissipated at 52 days after EOD (Figure 4.13, a). The low 
permeability (kh = 0.9 x10
-8 cm/sec) contributed to this longer period of dissipation time, which 
affects the rate of set-up (A = 0.26). Figure 4.13, b showed that the piezometer installed at 12.2 m 
(40 ft.) depth of layer 4 recorded a peak value of 295 kPa (0.3 tsf) of excess PWP generated during 
pile driving, as well as achieving 99% dissipation in a shorter period of time (35 days after EOD). 
Layer 4 has a relatively higher permeability (kh = 7.8 x 10
-8 cm/sec) coupled with a higher 
coefficient of consolidation value (ch = 4.1 x 10
-2 cm2/sec), compared to other soil layers. In 
addition, the CPT profile revealed a presence of sand and silt lenses in this layer [11.0 to 13.0 m 
depth (37 to 42 ft. depth)]. The relatively high kh and high ch contributed to the lower rate of set-
up (A = 0.10) for layer 4, compared to other soil layers along the length of TP-1 pile. Layer 4 also 
exhibited the lowest amount of set-up compared to the other soil layers along TP-1. The last 
restrike (217 days after EOD) showed that the side resistance was 1.7 times higher than the EOD 
resistance for this layer. The set-up of both layers 2 and 4 continued to increase at a slower rate 
after the excess PWP was completely dissipated, which may be attributed to an aging effect. Layers 
5, 6 and 7 exhibited a closer amount of set-up. The side resistances during the last DLT (217 days 
after EOD) were 2.1, 2.0, and 2.0 times higher than the EOD side resistances for layers 5, 6, and 
7, respectively. The Su values for these layers range from 38.6 kPa (0.4 tsf) to 68 kPa (0.7 tsf), and 
the OCR ranges from 2.4 to 1.3. The soil profile and CPT soil classification [see Figure 3.8] reveal 
that the soil deposits consisted of silty clay that shows to be almost homogeneous throughout these 
three layers (layers 5 to 7), which further contributes to a similar amount of set-up. Figure 4.13, c 
showed that a peak value of 585 kPa (6 tsf) of excess PWP was generated during pile driving for 
layer 6, and that 99% of this excess PWP was dissipated in 53 days after EOD, mainly due to a 
relatively lower permeability (kh = 0.2 x 10
-8 cm/sec) and a lower coefficient of consolidation (ch 
= 1.3 x 10-3 cm2/sec) compared to layer 4; thus, a higher rate of set-up (A = 0.15) was observed 
for this layer, compared to layer 4. A similar behavior was also observed for layer 8 of TP-1, as 
depicted in Figure 4.13, d. It was observed that the Su value and the soil classification (i.e., clayey, 
sandy, or silty) represent the most important factors that influence the amount of set-up. However, 
the rate of set-up is mainly governed by a horizontal coefficient of permeability (kh) and a 





4.3.2.2 Soil Layers along Test Pile-2 (TP-2) 
The side resistance of individual soil layers of TP-2 is tabulated in Table 4.5. The Su measured 
from the UU test for layer 2 was the lowest among all the soil layers of TP-2. Su for this layer was 
43 kPa (0.4 tsf), which aided in exhibiting the highest amount of set-up. The final restrike at 23 
days after EOD showed that the side resistance was 2.8 times higher than the EOD side resistance 
for this layer. Layers 4, 5, 7 and 8 exhibited a closer amount of set-up. The side resistances during 
the last restrike (23 days after EOD) were 1.8, 1.9, 1.9, and 2.0 times higher than the EOD side 
resistances for layers 4, 5, 7 and 8, respectively. The Su for these layers varies from 53 kPa (0.5 
tsf) to 105 kPa (1 tsf). The UU test also reveals that the Su was higher [153.2 kPa (1.5 tsf)] for 
layer 6 compared to the all other soil layers along TP-2; and thus, set-up was lower for this layer. 
The side resistance was only 1.3 times higher than the EOD side resistance for layer 6 during the 
last DLT (23 days after EOD). It should be noted here that the side resistances calculated for TP-
2 were derived only from the CAPWAP analyses, since the TP-2 was not instrumented. 
 
Table 4.5: Side resistance for individual soil layers of TP-2 at Bayou Lacassine site 
 
4.3.2.3 Soil Layers along Test Pile-3 (TP-3) 
The side resistance of individual soil layers of TP-3 is tabulated in Table 4.6. As stated earlier, the 
set-up behavior of TP-3 was different than TP-1. The soil layers along the length of TP-3 exhibited 
a very slow rate of set-up after the 1st SLT (15 days after EOD). The dissipation of excess PWP 
for layers 3, 4, 6, and 7 of TP-3 and the corresponding increase in side resistance are presented in 

































157 (35) 239 (54) 312 (70) 127 (29) 279 (63) 168 (38) 90 (20) 
1st DLT 0.02 174 (39) 269 (60) 373 (84) 148 (33) 290 (65) 176 (40) 104 (23) 
2nd DLT 1 336 (76) 465 (105) 524 (118) 209 (47) 354 (80) 282 (63) 132 (30) 
3rd DLT 23 438 (98) 614 (138) 571 (128) 243 (55) 365 (82) 324 (73) 178 (40) 
“A” parameter 0.27 0.23 0.16 0.17 0.08 0.19 0.18 
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Table 4.6: Side resistance for individual soil layers of TP-3 at Bayou Lacassine site 
 
 
                             
Figure 4.14 Set-up of individual soil layers and correlation with dissipation of excess PWP for 




Events Time Days 
Layer No 
1st  2nd  3rd  4th  5th  6th  7th  8th  



















133 (30) 128 (29) 179 (40) 144 (32) 637 (143) 229 (52) 45 (10) 
1st DLT  271 (61) 162 (36) 180 (40) 205 (46) 673 (151) 302 (68) 58 (13) 
2nd DLT 1 339 (76) 226 (51) 221 (50) 241 (54) 716 (161) 363 (82) 65 (15) 
1st SLT 15 547 (123) 360 (81) 322 (72) 384 (86) 840 (189) 527 (118) 120 (27) 
2nd SLT 29 556 (125) 378 (85) 338 (76) 382 (86) 690 (155) 444 (100) 121 (27) 
3rd SLT 93 559 (126) 380 (85) 345 (78) 389 (87) 576 (129) 447 (101) 125 (28) 
4th SLT 129 564 (127) 384 (86) 347 (78) 391 (88) 525 (118) 449 (101) 126 (28) 
5th SLT 175 577 (130) 393 (88) 346 (78) 418 (94) 578 (130) 454 (102) 130 (29) 
3rd DLT 181 479 (108) 425 (95) 310 (70) 380 (85) 661 (149) 464 (104) 137 (31) 
“A” parameter 0.26 0.26 0.17 0.22 0.00 0.14 0.26 
(a) Layer 3 
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  Figure 4.14 Set-up of individual soil layers and correlation with dissipation of excess PWP for 
TP-3 at Bayou Lacassine site (continued) 
 
 
(b) Layer 4 
(c) Layer 6 
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Figure 4.14 Set-up of individual soil layers and correlation with dissipation of excess PWP for 
TP-3 at Bayou Lacassine site (continued) 
 
The piezometers for TP-3 recorded a faster dissipation of excess PWPs compared to 
piezometers for TP-1, due to a higher permeability and a higher coefficient of consolidation value. 
The faster dissipation of excess PWP due to high permeability may be attributed to this behavior. 
It can be seen from Figure 4.14, a that 412 kPa (4.1 tsf) of peak excess PWP was generated during 
driving the pile through layer 3 of TP-3, and that 99% dissipation of excess PWP was completed 
in 57 days after EOD. This slower dissipation rate of excess PWP for layer 3 was mainly due to a 
lower permeability (kh = 0.2 x 10
-8 cm/sec) and a lower coefficient of consolidation (ch = 5.3 x 10
-
4 cm2/sec), when compared to other soil layers of TP-3; this comparison contributes to the 
significant increase in side resistance and higher set-up rate (A = 0.26) for layer 3. The CPT profile 
also exhibited the presence of silty and sandy soils between the 15.0 to 16.5 m (49 to 54 ft) (Figure 
3.10), which contributes to this behavior. The highest amount of set-up was exhibited by layers 2 
and 3 for TP-3. The CPT profile and soil boring showed that these two soil layers were composed 
of very soft soil with a Su value of 53 kPa (0.5 tsf). Figure 4.14, b showed that 262 kPa (0.2 tsf) of 
peak excess PWP was generated in layer 4, and that 99% of this excess PWP was dissipated in 
only 19 days after EOD, mainly due to a relatively higher permeability (kh = 47.3 x 10
-8 cm/sec) 
and a higher coefficient of consolidation (ch = 3.3 x10
-2 cm2/sec). This relatively high kh and high 
ch contributed to a low rate of set-up (A = 0.17) for layer 4. The high permeability (kh = 79.7 x 10
-
(d) Layer 7 
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8 cm2/sec) and the presence of silt and sand may be contributed to the fast dissipation of excess 
PWP, and hence showed a relaxation or constant resistance of layer 6 after the 1st SLT. A close 
amount of set-up was observed for the other soil layers of TP-3 (i.e., layers 5, 7, and 8). The last 
DLT (181 days after EOD) revealed that the side resistances were 2.6, 2.0, and 3.0 times higher 
than the EOD side resistances for layers 5, 7, and 8, respectively. The piezometer installed in layer 
7 (Figure 4.14, d) exhibited a faster dissipation of excess PWP; thus, a relatively slow set-up rate 
(A = 0.14) was observed for this layer. The soil boring and CPT profile (Figure 3.10) revealed that 
these soil layers were mostly homogenous with silty clayey soil behavior. The Su value ranges 
from 62 kPa to 72 kPa (0.6 tsf to 0.7 tsf) for these layers, and the OCR was almost the same. 
However, layer 6 experienced a significant reduction in side resistance (or relaxation) after the 1st 
SLT, which resulted on no more set-up and almost constant total resistance (Rt) for TP-3 after the 
1st SLT. The high permeability (kh = 79.7 x 10
-8 cm2/sec), and the presence of silt and sand 
contributed to the fast dissipation of excess PWP, and hence relaxation or constant resistance of 
layer 6 after the 1st SLT. The side resistance for layer 6 during the 1st SLT (15 days after EOD) 
was 1.3 times higher than the EOD side resistance; however, it was reduced to 1.04 times higher, 
when compared to EOD side resistances during the final DLT (181 days after EOD). The UU tests 
showed that the Su was high [158.0 kPa (1.6 tsf)] for this layer (i.e., layer 6), compared to the other 
soil layers.  
 
4.3.3 Horizontal effective stress analyses and corresponding set-up 
The total horizontal stresses were measured on pile faces using pressure cells and the PWPs, which 
were measured using piezometers. The horizontal effective stresses at a specific depth may be 
calculated by subtracting the PWP from the total horizontal stress. The calculated horizontal 
effective stresses demonstrated that the rate increase in horizontal effective stress became 
insignificant after the completion of consolidation process. The horizontal effective stresses for 
selected soil layers along the length of TP-1 and TP-3 are presented in Figure 4.15. 
Figure 4.15 shows that the horizontal effective stress increased with time in each soil layer 
along the instrumented test piles (i.e., TP-1 and TP-3). The rate of increase was more rapid until 
dissipation of excess PWP was completed. The pressure cells installed in layers 4 and 6 of TP-1 
exhibited an increase in horizontal effective stresses by 201% and 164%, respectively, after six 
months from EOD. However, the 99% dissipation of excess PWP for layers 4 and 6 was completed 
in 35 and 53 days after EOD, respectively. The corresponding horizontal effective stress of those 
layers during the same period was increased by 181% and 155%, respectively. It may be postulated 
that the remaining increase of 20% and 9% can be attributed to aging effect. The effect of 
thixotropy in these analyses was not separate, although it is believed that thixotropy importantly 
affects set-up from the early stage. Similar behavior was also observed in effective stress analyses 
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for TP-3. The horizontal effective stresses were increased significantly for layers 3 and 7 of TP-3, 
until the consolidation process was completed. An increase in horizontal effective stress of 3% and 
6% was observed after the 99% dissipation of excess PWP for layers 3 and 7 of TP-3, respectively. 
In contrast, layer 6 of TP-3 exhibited the lowest increase (24%) in horizontal effective stress, and 
a slight relaxation was observed in side resistance of this layer at later stages. Close proximity of 
a silty-sandy interlayer and high permeability contributed to this behavior. Measurements of all 
pressure cells installed in clayey soil layers for both test piles demonstrated a significant increase 
in horizontal effective stresses during the consolidation period. However, the pressure cell installed 
in sandy-silty layers exhibited no noticeable increase in horizontal effective stress. The literature 











                          
Figure 4.15 Horizontal effective stress analyses of instrumented test piles at Bayou Lacassine site 
 
4.3.4 Distribution of excess PWP in the remolded zone 
In order to identify the influenced zone caused by pile driving in addition to the consolidation 
process, the piezometers installed in the surrounding soil and on faces of the instrumented piles 
were monitored continuously for this site too. During pile driving, the piezometers installed on the 
pile face exhibited the maximum excess PWP followed by an exponential decay with radial 
distance from pile face (Figure 4.16). The figure presents the ratio of maximum excess PWP 
(ΔUmax) induced by pile driving and the in-situ effective overburden stress (σˊvo) as a function of 
radial distance from pile face, as depicted in Figure 4.16. The values of excess PWP presented in 
this figure were recorded 30 minutes after EOD. The figure shows that the measured excess PWP, 
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due to pile driving, decreased rapidly with the increase in radial distance from pile face. The figure 
also demonstrated that the influence zone, due to pile driving, extended beyond the 3B radial 
distance from pile face (B is the width of pile). 
 
                                                 
Figure 4.16 Excess PWP distributions with the distance after EOD at Bayou Lacassine site 
 
4.4 Set-up Results of Bayou Teche Site 
A load testing program was conducted at the Bayou Teche project site to evaluate the set-up. The 
load testing program consisted of four DLTs after EOD and one SLT. The set-up results of Bayou 
Teche are presented in Table 4.7. The change in total pile resistance (Rt), side resistance (Rs), and 
tip resistance (Rtip) are listed separately to illustrate the different effects of set-up. Both the total 
and side resistances increased with time after EOD. The set-up ratio of side resistance (Rs/Rso) and 
total resistance (Rt/Rto) are also tabulated in Table 4.7 for each load test. The set-up plot for total 
resistances and side resistances are depicted in Figures 4.17, a and 4.17, b, respectively. 
 
Table 4.7: Load test results of test pile at Bayou Teche site 
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TP-1-54 ft (16.5 m)
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TP-3-48 ft (14.6 m)












mm (in) Days kN (kips) 
Ratio 
(Rs/Rso) kN (kips) Ratio kN (kips) 
Ratio 
(Rt/Rto) 
EOD - 422 (95) 1.0 1106 (249) 1.0 1528 (344) 1.0 5.1 (0.20) 
1st DLT 0.04 507 (114) 1.2 1088 (245) 1.0 1595 (359) 1.0 5.1 (0.20) 
2nd DLT 1 605 (136) 1.4 1128 (254) 1.0 1733 (390) 1.1 4.1 (0.16) 
3rd DLT 7 702 (158) 1.6 996 (224) 0.9 1698 (382) 1.1 5.1 (0.20) 
4th DLT 32 805 (181) 1.9 872 (196) 0.8 1677 (377) 1.1 8.4 (0.33) 






Figure 4.17 Total pile resistance (Rt) and side resistance (Rs) versus elapsed time of test pile at 
Bayou Teche site 
 
4.4.1 Set-up in terms of total pile resistance (Rt) 
4.4.1.1 Dynamic load test (DLT) 
Five high strain DLTs were launched on the test pile at different time intervals from 1 hour after 
EOD, up to a maximum of 32 days after EOD for the test pile. Restrike events were performed 
using PDA, including two accelerometers and two transducers attached to the pile top. PDA 
(a) Total resistance (Rt) versus elapsed time 
(b) Side resistance (Rs) versus elapsed time 
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monitored the driving stresses at each high strain DLT. The time intervals of conducting the DLTs 
and corresponding total, side, and tip resistances are tabulated in Table 4.7 for the test piles.   
The test results showed a significant increase in side resistance for the test pile, which was 
started immediately after driving. The 1st restrike, conducted within 1 hour after EOD on the test 
pile, showed that the side resistance increased by 20%. The initial excess PWP dissipation and 
thixotropic effect may be contributed to this significant amount of set-up over a very short time 
period. The final restrike (32 days after EOD) showed that the total resistance was 1.1 times higher, 
compared to the EOD total resistance. The final restrike demonstrated that the side resistance was 
increased by 90%, as compared to the EOD values. The tip resistance was almost constant over 
time, which implies that the set-up primarily occurred along the side for the test pile, as mentioned 
in the literature (e.g., Bullock, 1999; Ng, 2011). 
 
4.4.1.2 Static load test (SLT) 
One SLT was conducted on the test pile 26 days after EOD, in accordance with ASTM Standard 
D1143. Sixteen reaction pipe piles were installed at the test pile location after 15-20 days from 
EOD. The load was applied in increments of 10 percent of the proposed design load, with a 
constant time interval of 5 minutes between increments (quick test). A load was added until 
continuous jacking was required to maintain the test load. According to LADOTD design criteria, 
the minimum settlement of the test pile at the plunging load during the SLT should compare with 
at least 10% of the pile diameter. Figure 4.18 presents the measured load settlement curves for the 
test pile. The ultimate resistance of the test pile was calculated using the modified Davisson 
interpretation method (1972), with the value of total resistance as presented in Table 4.7. The test 
result of TP-1 shows that the total pile resistance increased by approximately 18% during the SLT 
(26 days after EOD).  
 
4.4.2 Set-up in terms of individual soil layers 
In an attempt to study the influence of soil type/condition on the set-up behavior, the soil profiles 
along the test pile were broken down into individual soil layers. The resistance distributions of 
DLTs were analyzed, using the CAPWAP analyses. The resistance for each individual pile 
segment was separated at the strata boundaries (based on the soil classification) by assuming the 
same unit friction resistance within the same soil stratum. Mainly, the separations of layers were 
performed based on major soil boundaries such as clay and sand, which were based on the field 
exploration program. The calculated side resistances for individual soil layers and corresponding 
set-up ratios with time are tabulated in Table 4.8. The set-up behavior for clayey and sandy soil 















       
                             
Figure 4.18 Load settlement plot of test pile at Bayou Teche site 
 
Table 4.8: Side resistance for individual soil layers of test pile at Bayou Teche test 
 
Layers 2, 3, and 4 represent the clayey soil layers along the length of the test pile at Bayou 
Teche site. The set-up behavior of clayey soil layers is depicted in Figure 4.19, a. The maximum 
amount of set-up and logarithmic rate of set-up “A” was observed for layer 4, and the minimum 
amount of set-up was exhibited by layer 2 among the clayey soil layers. The DLT which was 
performed 32 days after EOD showed that the side resistance set-ups were 6.2 and 7.6 times higher, 
compared to the EOD resistances for layers 2 and 4, respectively. The set-up parameter “A” for 
layers 2, 3, and 4 were 0.37, 0.29, and 0.40, respectively. The low, undrained shear strength, (Su) 
[17 kPa (0.2 tsf)] and a high PI (52%), as compared to other clayey soil layers, may attribute to the 
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17 (4) 49 (11) 22 (5) 111 (25) 89 (20) 134 (30) 
1st DLT 0.04 44 (10) 76 (17) 49 (11) 111 (25) 93 (21) 134 (30) 
2nd DLT 1 52 (12) 111 (25) 107 (24) 112 (25) 94 (21) 129 (29) 
3rd DLT 7 82 (18) 130 (30) 142 (32) 120 (27) 94 (21) 134 (30) 
4th DLT 32 107 (24) 169 (38) 169 (38) 133 (30) 94 (21) 133 (30) 






























                
Figure 4.19 Set-up behavior of individual soil layers for the test pile of Bayou Teche site 
 
The sandy soil layers exhibited a smaller amount of set-up than the clayey soil layers. 
Layers 5, 6, and 7 represent the sandy soil layers in this study. Set-up behavior of sandy soil layers 
are depicted in Figure 4.19, b. It is observed from Figure 4.19, b and Table 4.8 that all sandy soil 
layers exhibited smaller amounts and rates of set-up, compared to the clayey soil layers. No set-
up was observed for layers 6 and 7. Layer 5 exhibited a smaller amount (fst/fso = 1.2) and rate of 
set-up (A = 0.10).   
 
(b) Sandy soil layers 
(a) Clayey soil layers 
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4.5 Set-up Results of Bayou Bouef Site 
The pile resistances were measured at different time intervals after EOD for the Bayou Bouef site 
in order to measure pile set-up. The load testing program included one DLT at 1 day after EOD 
and five Osterberg Cell load tests (OCLT) that were performed over a two year period after the 
restrikes were performed. The changes in total pile (Rt), side (Rs) and tip (Rtip) resistances are listed 
separately to illustrate the different effects of set-up in Table 4.9. Both total and side resistances 
increased with time after EOD. The set-up ratio of side (Rs/Rso) and total (Rt/Rto) resistances are 
also tabulated in Table 4.9 for each load test. The total resistance and side resistance shown in 
Table 4.9 are plotted with respect to time in Figures 4.20, a and 4.20, b, respectively.  
 









4.5.1 Set-up in terms of total pile resistance (Rt) 
4.5.1.1 Dynamic load test (DLT)  
Two DLTs were conducted and CAPWAP analyses were performed on dynamic data recorded 
with the Pile Driving Analyzer (PDA) for the EOD and the 1 day restrike. The CAPWAP analysis 
provided the distribution of resistance along the length of the pile and estimated tip and side 
resistances seperately. The DLT was performed in general accordance with ASTM standard D 
4945. The DLT performed at 1 day exhibited a 50% increase in side resistance compared to the 












Days kN (kips) kN (kips) kN (kips) 
EOD - 1254 (282) 1750 (394) 3004 (676) 
1st DLT 1 1939 (436) 1789 (402) 3728 (838) 
1st OCLT 7 3281 (738) 1803 (406) 5084 (1144) 
2nd OCLT 14 3707 (833) 1810 (407) 5517 (1240) 
3rd OCLT 28 4126 (928) 1800 (406) 5926 (1334) 
4th OCLT 247 4758 (1070)   












                          











                       
Figure 4.20 Total pile resistance (Rt) and side resistance (Rs) versus elapsed time of test pile at 
Bayou Bouef site 
 
4.5.1.2 Osterberg cell load test (OCLT) 
Five Osterberg cell load tests (OCLT) were conducted on the test pile starting from 7 days after 
EOD to 2 years. The OCLT was performed in accordance with ASTM D 1143 quick load test 
(a) Total resistance (Rt) versus elapsed time 
(b) Side resistance (Rs) versus elapsed time 
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procedure. Load was applied through a hydraulic pressure system, in increments of approximately 
0.2 MN (22.5 ton) for loading and 0.7 MN (79 ton) for unloading. Pressure was held at each loading 
increment for a total of 4.0 minutes. Gages were read at 1.0, 2.0, and 4.0 minutes after the load 
was applied, with an average of 1.0 minute, and then used to increase the O-cell pressure to the 
next load increment. The O-cell was driven in a fully closed condition. The OCLT peak side 
resistances were used to evaluate the increase in pile side resistance. All load tests conducted with 
the Osterberg Cell failed in side resistance. Full tip resistance was not mobilized during any of the 
OCLTs. The load was increased until a load of 3.54 MN (398 ton) was applied to the pile in each 
direction. In calculating the upward load applied, the buoyant weight of the pile above the O-cell 
[0.26 MN (29 ton)] was subtracted from the load at the O-cell. During the second and third OCLT, 
the load increased until a load of 3.97 MN (446 ton) and 4.39 MN (493 ton) was applied, 
respectively, to the pile in each direction. The osterberg cell load settlement plots for tests 1, 2 and 
3 are presented in Figures 4.21, a; 4.21, b; and 4.21c, respectively. The combined skin friction for 
test 1 to 5 from OCLT is depicted in Figure 4.22. The maximum side shear loads applied to the 
pile were 3.28 MN (369 ton), 3.70 MN (416 ton), 4.13 MN (464 ton), 4.76 MN (535 ton), and 4.76 
MN (535 ton) [i.e., 3.54 MN (398 ton), 3.97 MN (446 ton), 4.39 MN (493 ton), 5.02 MN (564 ton) 
and 5.02 MN (564 ton), minus the buoyant weight of pile of 0.26 MN (29 ton)] for the test numbers 


















Figure 4.21 Load settlement plots of test pile at Bayou Bouef site 





















      












                              
 
Figure 4.21 Load settlement plots of test pile at Bayou Bouef site (continued) 
 
 
(b) 2nd OCLT 
















                                
Figure 4.22 Total side resistance of test pile at Bayou Bouef site  
 
The side resistances measured by OCLT are plotted with logarithmic of time in Figure 
4.20, b and exhibited a relatively high (i.e., 0.89) coefficient of correlation (R2), suggesting a 
logarithmic time relationship exists for side resistance (Rs), similar to the model proposed by Skov 
and Denver (1988). The side resistance increased by 196% [2,453 kN (551 kips)] from the EOD 
to the typical load testing time of 14 days after pile installation, and the total resistance was 1.8 
times higher when compared to the total resistance  measured during EOD. The dissipation of 
excess PWP and the thixotropic effect may contribute to this higher rate and amount of set-up. 
However, a further 28% [1,051 kN (237 kips)] increase of side resistance was observed between 
the OCLT conducted at 14 days and the OCLT conducted at 247 days. This slower rate and amount 
of set-up may be due to an aging effect. However, no set-up was observed for side resistance in 
between the 4th and 5th OCLT, which implies that after a certain time, aging has also no effect on 
set-up. The tip resistance remained constant during this whole testing period. The load distribution 
plots for 1st, 2nd and 3rd OCLT are depicted in Figures 4.23, a; 4.23, b, and 4.23, c, respectively. In 
order to capture the strain gage measurements for every incremental load during SLTs, the data 
acquisition system was set to collect the data at two minute intervals during each OCLT. The load 
distribution plots indicate an increasing side resistance as the depth increases, as expected from 
the soil boring data. The load distribution plots were used to calculate the side resistance of 




















                               

















                              
 
Figure 4.23 Load distribution plots of test pile at Bayou Bouef site 
(a) 1st OCLT 
(b) 2nd OCLT 
















   
     
    
                             
Figure 4.23 Load distribution plots of test pile at Bayou Bouef site (continued) 
 
4.5.2 Set-up in terms of individual soil layers 
The main focus of this study was to analyze the set-up of individual soil layers to correlate with 
different soil properties. The CAPWAP analyses distribution from DLTs and the load transfer 
distribution from OCLTs were used to estimate the side resistance for individual soil layers along 
the length of the pile. The set-up behavior of clayey and sandy soil layers are depicted in Figures 
4.24, a and 4.24, b, respectively. Layer 3 [17.4 to 22.9m (57 to 75 ft.)] and layer 6 [33.8 to 39.3m 
(111 to 129 ft.)] represent the sandy soil layers along the length of the pile for the Bayou Bouef 
site. Clayey soil layers exhibited a higher amount of set-up, compared to sandy soil layers with the 
exception of layer 6. The set-up ratio of clayey soil layers (i.e., Layers 1, 2, 4, and 5) during the 
3rd OCLT was 4.4, 3.6, 3.0 and 4.2 times higher, compared to the EOD side resistance. The back-
calculated logarithmic set-up parameter “A” for layers 1, 2, 4, and 5 were 0.29, 0.29, 0.31, and 
0.48, respectively. The higher undrained shear strength, Su [i.e. 63 kPa (0.6 tsf)] and lower PI (i.e., 
39%) for layer 2, compared to the other clayey soil layers, contributed to the lower amount and 
rate of set-up. The higher amount and rate of set-up for layer 5 [i.e., 28.3 to 33.8 m (93 to 111 ft.)] 
may be attributed to the lower undrained shear strength, Su [i.e. 56.9 kPa (0.6 tsf)] and higher PI 
(i.e., 75%), compared to the other clayey soil layers. However, the amount and rate of set-up for 
the sandy soil layers along the length of the pile for Bayou Bouef site was higher, compared to the 
(c) 3rd OCLT 
(a) 1st OCLT 
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differing sandy soil layers of other project sites. The logarithmic set-up parameter “A” for layers 
3 and 6 were 0.25 and 0.36, respectively. The presence of a smaller amount of fine content may 













        
 















                                          
Figure 4.24 Set-up of individual soil layers for test pile at Bayou Bouef site 
 
(a) Clayey soil layers 
(b) Sandy soil layers 
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4.6 Set-up Results of LA-1 Site 
For estimating the pile set-up, the pile resistances were measured at different time intervals after 
EOD for the LA-1 site. The load testing program included several DLTs and one SLT. DLTs were 
conducted on each pile at predetermined intervals to assess the development of “pile set-up” 
following EOD. In addition, one SLT was conducted on each of the test piles after 6 to 13 days of 
post installation waiting period as final verification for the reasonableness of the DLTs. The load 
test results of TP-2, TP-3, TP-4a, TP-4b, TP-5a and TP-5b are depicted in Tables 4.10, 4.11, 4.12, 
4.12, 4.13, 4.14 and 4.15, respectively. The set-up plots for total resistance (Rt) of TP-2, TP-3, TP-
4 and TP-5 are depicted in Figures 4.25, a; 4.25, b; 4.25, c and 4.25, d, respectively. As shown in 
Figure 4.25, the total resistance (Rt) as a function of time (t) was best fitted to a logarithmic time 
scale with a relatively high coefficient of correlation (R2) for all test piles, suggesting a logarithmic 
time relationship similar to the model proposed by Skov and Denver (1988). The logarithmic set-
up parameter “A” for the total pile resistance of TP-2, TP-3, TP-4a, TP-4b, TP-5a and TP-5b was 
0.33, 0.25, 0.23, 0.32, 0.18 and 0.31, respectively. More information about the results and analyses 
of LA-1 site can be found in Haque et al. (2016). 
 
Table 4.10: Load test results of TP-2 at LA-1 site 
 
Events 
Time Side Resistance, Rs Tip Resistance, Rtip Total Resistance, Rt 












EOD 0.1 237 (53) 1.0 153 (34) 1.0 390 (87) 1.0 
1st DLT 2.2 613 (138) 2.6 219 (49) 1.4 832 (187) 2.1 
2nd DLT 3.9 914 (205) 3.9 144 (32) 0.9 1058 (237) 2.7 
3rd DLT 6.0 1077 (242) 4.5 161 (36) 1.1 1238 (278) 3.2 
4th DLT 21.6 1253 (282) 5.3 186 (42) 1.2 1439 (324) 3.7 
5th DLT 56.0 1317 (296) 5.6 186 (42) 1.2 1503 (338) 3.9 
6th DLT 76.9 1543 (347) 6.5 167 (37) 1.1 1710 (384) 4.4 
7th DLT 96.9 1615 (363) 6.8 181 (41) 1.2 1796 (404) 4.6 











Table 4.11: Load test results of TP-3 at LA-1 site 
 
Events 
Time Side Resistance, Rs Tip Resistance, Rtip Total Resistance, Rt 












EOD 0.1 1678 (377) 1.0 1440 (324) 1.0 3118 (701) 1.0 
1st DLT 2.0 2340 (526) 1.4 1536 (345) 1.1 3876 (871) 1.2 
2nd DLT 23.6 2767 (622) 1.6 1731 (389) 1.2 4498 (1011) 1.4 
3rd DLT 69.2 3318 (746) 2.0 1513 (340) 1.0 4831 (1086) 1.5 
4th DLT 162.4 4051 (911) 2.4 1090 (245) 0.8 5141 (1156) 1.6 
Static  312.0 5067 (1139) 3.0 2318 (521) 1.6 7385 (1660) 2.4 
 
Table 4.12: Load test results of TP-4a at LA-1 site 
 
Events 
Time Side Resistance, Rs Tip Resistance, Rtip Total Resistance, Rt 












EOD 0.1 349 (78) 1.0 422 (95) 1.0 771 (173) 1.0 
1st DLT 2.0 1540 (346) 4.4 431 (97) 1.0 1971 (443) 2.6 
2nd DLT 3.6 1983 (446) 5.7 445 (100) 1.1 2428 (546) 3.1 
3rd DLT 5.8 2084 (469) 6.0 408 (92) 1.0 2492 (561) 3.2 
4th DLT 20.6 2679 (602) 7.7 408 (92) 1.0 3087 (694) 4.0 
5th DLT 44.9 2923 (657) 8.4 439 (99) 1.0 3362 (756) 4.4 
6th DLT 68.5 3064 (689) 8.8 451 (101) 1.1 3515 (790) 4.6 
7th DLT 89.2 3224 (725) 9.3 459 (103) 1.1 3683 (828) 4.8 
Static  144.0 3452 (776) 9.9 378 (85) 0.9 3830 (861) 5.0 
 
Table 4.13: Load test results of TP-4b at LA-1 site 
 
Events 
Time Side Resistance, Rs Tip Resistance, Rtip Total Resistance, Rt 












EOD 0.1 2087 (469) 1.0 1103 (248) 1.0 3190 (717) 1.0 
1st DLT 3.1 3151 (708) 1.5 1099 (247) 1.0 4250 (955) 1.3 
2nd DLT 4.4 3217 (723) 1.5 1180 (265) 1.1 4397 (988) 1.4 
3rd DLT 6.6 3572 (803) 1.7 1100 (247) 1.0 4672 (1050) 1.5 
4th DLT 8.4 3796 (853) 1.8 1238 (278) 1.1 5034 (1131) 1.6 
5th DLT 23.7 4282 (963) 2.1 1165 (262) 1.1 5447 (1225) 1.7 
6th DLT 48.2 4700 (1057) 2.3 1254 (282) 1.1 5954 (1339) 1.9 
7th DLT 72.3 4989 (1122) 2.4 1229 (276) 1.1 6218 (1398) 1.9 
8th DLT 92.9 5833 (1311) 2.8 1119 (252) 1.0 6952 (1563) 2.2 
Static  144 5829 (1310) 2.8 1538 (346) 1.4 7367 (1656) 2.3 
114 
 
Table 4.14: Load test results of TP-5a at LA-1 site 
 
Events 
Time Side Resistance, Rs Tip Resistance, Rtip Total Resistance, Rt 












EOD 0.1 593 (133) 1.0 196 (44) 1.0 789 (177) 1.0 
1st DLT 2.6 1259 (283) 2.1 255 (57) 1.3 1514 (340) 1.9 
2nd DLT 4.2 1457 (328) 2.5 285 (64) 1.4 1742 (392) 2.2 
3rd DLT 21.7 2170 (488) 3.7 300 (67) 1.5 2470 (555) 3.1 
4th DLT 46.6 2391 (538) 4.0 251 (56) 1.3 2642 (594) 3.3 
5th DLT 70.0 2592 (583) 4.4 237 (53) 1.2 2829 (636) 3.6 
% DLT 90.6 2692 (605) 4.5 238 (53) 1.2 2930 (658) 3.7 
Static  144.0 3095 (696) 5.2 192 (43) 1.0 3287 (739) 4.2 
 
Table 4.15: Load test results of TP-5b at LA-1 site 
 
Events 
Time Side Resistance, Rs Tip Resistance, Rtip Total Resistance, Rt 












EOD 0.1 1260 (283) 1.0 462 (104) 1.0 1722 (387) 1.0 
1st DLT 3.2 1999 (449) 1.6 463 (104) 1.0 2462 (553) 1.4 
2nd DLT 5.3 2059 (463) 1.6 447 (100) 1.0 2506 (563) 1.4 
3rd DLT 7.5 2183 (491) 1.7 432 (97) 0.9 2615 (588) 1.5 
4th DLT 23.6 2227 (501) 1.8 501 (113) 1.1 2728 (614) 1.6 
5th DLT 48.1 2435 (547) 1.9 493 (111) 1.1 2928 (658) 1.7 
6th DLT 72.0 2582 (580) 2.0 494 (111) 1.1 3076 (691) 1.8 
7th DLT 92.2 2771 (623) 2.2 451 (101) 1.0 3222 (724) 1.9 



























   
















   
                 
   




































               
Figure 4.25 Total pile resistance (Rt) versus elapsed time of test piles at LA-1 site (continued) 
 
4.6.1 Set-up in terms of total pile resistance (Rt) 
4.6.1.1 Dynamic load test (DLT) 
All the six test piles were monitored during driving and during the subsequent restrikes using PDA. 
The monitoring was performed in general accordance with ASTM standard D 4945. After 
completion of each DLT, the data were carefully processed, further using CAPWAP analyses on 
(c) Test Piles-4a and 4b (TP-4a and TP-4b) 
(d) Test Piles-5a and 5b (TP-5a and TP-5b) 
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selected blow counts, typically on the first high energy blow of each restrike event in order to 
determine the resistance distribution along the length of the pile for DLTs. CAPWAP analyses 
usually performed on selected blows at the EOD as well as the first high energy blow of each 
restrike event and separated the static and damping soil characteristics. It provided an estimation 
of the side resistance distribution along the pile’s length and to calculate the side and tip resistances 
seperately. The results from CAPWAP analyses are very much dependent on the operator and the 
engineering judgments were made during the analysis. Therefore, all the CAPWAP analyses were 
performed by the same expert engineer to eliminate the operator dependency. 
These test piles derived their resistances mostly from side resistances. The side resistance 
contributed from 45% to 75% of the total resistances at EOD conditions. As expected, the 
percentages increased with time, the percentages for the last restrike events range from 71% to 
92%, and the SLTs from 77% to 94%. Note that TP-3 has the smallest side resistance contribution, 
primarily due to the 21.3 m (70 ft.) casing used which masked a significant portion of side 
resistance.    
It is interesting to note that side resistances increased to 2 to 9 times of the EOD side 
resistance within a period of 6 to 13 days. A similar trend did not exist for the tip resistance. Within 
the reasonable accuracy of the CAPWAP analyses, the tip resistance practically remained 
unchanged throughout the testing periods. 
  Interpretation of dynamic load test on test piles can be a challenge when the final set is too 
small to fully mobilize the tip resistance. The final set values for the blows that were used in the 
CAPWAP analyses are also included in Tables 4.10 to 4.15. It is apparent from the set values that 
the hammer used for the initial installation could not mobilize the tip resistance, once the pile 
resistances exceeded the hammers’ capability after set-up. Rausche et al. (1985) and Fellenius et 
al. (1989) found that a minimum set per blow to mobilize the tip is about 2.5 mm (0.1 in.). With 
the low set values, it was suspected that the tip resistance values derived from the DLTs might not 
reflect the true tip resistance. However, insignificant differences were found when comparing the 
tip resistances from the DLTs to those determined from the SLTs. There were several possible 
reasons for the discrepancy. Firstly, the tip resistance was a small portion of the total resistance 
(8% to 29% for the last restrikes). While the total resistances were normally quite accurate from 
the CAPWAP analyses, the separation of the tip resistances from side resistance requires 
engineering judgment. For the CAPWAP analyses, if the side resistances of the few bottom 
segments deviate from the resistance above these segments and the soil conditions do not support 
the deviation, one often adjusts the distribution to make the results consistent with the soil 
conditions. Similarly, an interpretation of the tip resistance values for the SLTs also requires 
similar adjustment. Often the tip strain gages are placed at least 0.61 m to 0.91 m (2ft. to 3 ft.) 
above the tip. One frequently has to extend the side resistance value above the tip gages to the tip 
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and assumes the remaining resistance as the tip. Both DLTs and SLTs may incur some errors in 
the interpretation. Another possible explanation is the strain softening behavior of the tip 
resistance. While the set values were small for the last few restrikes, the large movements at the 
pile tips for SLTs exceeded the peak value of the load-resistance curve. As such, the SLTs showed 
a slight reduction in tip resistances.   
The load distributions from CAPWAP analyses for all test piles are depicted in Figures 
4.26. These figures include the side resistance distributions estimated from the CAPWAP analyses 
and those determined form strain readings of SLTs. Based on the shapes of the distributions, the 
CAPWAP generated load distributions appeared to agree with statically determined distribution 
shapes indicating the reasonableness of the CAPWAP analyses. The reasonableness of the 



















    
                                       
    
Figure 4.26 Total side resistance distribution from CAPWAP and static load test at LA-1 site 
 
 


















    
                           














   
  
                           
Figure 4.26 Total side resistance distribution from CAPWAP and static load test at LA-1 site 
(continued) 
(b) Test Pile-3 (TP-3) 













                  













                                                                     
Figure 4.26 Total side resistance distribution from CAPWAP and static load test at LA-1 site 
(continued) 
(d) Test Pile-4b (TP-4b) 














    
                                   
Figure 4.26 Total side resistance distribution from CAPWAP and static load test at LA-1 site 
(continued) 
 
4.6.1.2 Static Load Test (SLT) 
Axial compression SLT was conducted on each test pile. The test loads were applied to the test 
piles using a 12,000 kN (1200 ton) capacity hydraulic jack manufactured by Elgood-Mayo Corp. 
The vertical settlement at the pile head was monitored electronically using LDC Captive Guided 
DC Linear Variable Displacement Transducers (LVDT). It should be mentioned here that the SLTs 
for TP-2 and TP-3 were performed using a single loading frame arrangement. However, since at 
TP-4 and TP-5 locations, two piles were installed in 3.1 m (10 ft.) apart, a single load frame was 
designed to perform the SLT on two piles together, as shown in Figure 3.20. The reaction frames 
were installed 2-3 days prior to performing the SLT.  
The test piles were loaded following the quick load test method for individual piles. The 
load was applied in increments of 10 to 15 percent of the proposed design load with a constant 
time increment of 2.5 minutes between the increments. The load was applied until continuous 
jacking was required to maintain the test load. Once the peak load had been achieved, continuous 
jacking was maintained for a period of 5 minutes. All of the piles exhibited a high strain softening 
behavior, with the pile load decreased with increasing settlement once the peak load had been 
(f) Test Pile-5b (TP-5b) 
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achieved. After a 5 minute holding period, the applied load was removed in four equal decrements 
with a 5 minute holding period between decrements, so the shape of the rebound curve could be 




















                                     
  Figure 4.27 Load settlement plots of test piles at LA-1 site 
                                 
(b) Test Pile-3 (TP-3) 
(a) Test Pile-2 (TP-2) 
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(c) Test Pile-4a (TP-4a) 























                            
Figure 4.27 Load settlement plots of test piles at LA-1 site (continued) 
 
(e) Test Pile-5a (TP-5a) 
(f) Test Pile-5b (TP-5b) 
125 
 
Based on Davisson’s criteria (1972), the total resistances (Rt) of the test piles were 
computed as 1,952 kN (427 kips), 7,384 kN (1,660 kips), 3,830 kN (861 kips). 7,366 kN (1.656 
kips), 3,287 kN (739 kips) and 3,438 kN (773 kips) for TP-2, TP-3, TP-4a, TP-4b, TP-5a and TP-
5b, respectively. In order to capture the strain gage measurements for every load increment during 
SLTs, the data acquisition system was set to collect the data at 2.5 minutes intervals. The load 
distribution plots were calculated as the method described earlier. The load distribution plots 
measured by strain gage during the SLTs for all the test piles are presented in Figure 4.28. Since 
there was a casing installed at TP-3 location to 21.3 m (70 ft.) below mudline, a 100% load transfer 
was observed for this pile within the upper 21.3 m (70 ft.). The measurements of strain gages 




                                          
 Figure 4.28 Load distribution plots of test piles at LA-1 site 
 
(a) Test Pile-2 (TP-2) 
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Figure 4.28 Load distribution plots of test piles at LA-1 site (continued) 
 
(b) Test Pile-3 (TP-3) 
(c) Test Pile-4a (TP-4a) 
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 Figure 4.28 Load distribution plots of test piles at LA-1 site (continued) 
 
(d) Test Pile-4b (TP-4b) 
(e) Test Pile-5a (TP-5a) 
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Figure 4.29 Load distribution plots of test piles at LA-1 site 
 
The total resistances (Rt) of TP-2, TP-3, TP-4a, TP-4b, TP-5a, and TP-5b measured after 
the final SLTs were 4.9, 2.4, 5.0, 2.3, 4.2, and 2.0 times higher than the EOD total resistances, 
respectively. The side resistances for the SLTs were 7.5, 3.4, 9.9, 2.9, 5.2, and 2.4 times the EOD 
side resistances for TP-2, TP-3, TP-4a, TP-4b, TP-5a, and TP-5b, respectively. As mentioned 
earlier, the tip resistance (Rtip) remained nearly constant. The final SLT showed that the tip 
resistances (Rtip) were 0.8, 1.2, 0.9, 1.2, 1.0, and 0.8 times higher compared to the EOD tip 
resistances (Rtip) for TP-2, TP-3, TP-4a, TP-4b, TP-5a, and TP-5b, respectively. A noteworthy 
observation is that the test pile at TP-3 had a much higher tip resistance (Rtip), compared to other 
test piles. The tip resistance (Rtip) measured at failure during the SLT for this pile was 1,728 kN 
(388 kips). The pile was driven to bear in a dense sand layer, which can be observed from the soil 
profile (Figure 3.22). Similar behavior was also observed for TP-4b.  
The behavior of the test piles installed at TP-4 and TP-5 locations were interesting. In order 
to evaluate the effect of the pile installation sequence on set-up behavior, two piles were installed 
close to each other at two selected test pile locations (TP-4 and TP-5), as well as two test piles 
installed at the TP-4 and TP-5 locations with 3.05 m (10 ft.) distance apart, and driven within a 
very short period of time (i.e., 3 hours at TP-4 location and 2 hours at TP-5 location). At both 
(f) Test Pile-5b (TP-5b) 
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locations, the piles that were installed later (i.e., TP-4a and TP-5a) experienced relatively smaller 
driving resistances, compared to the piles that were installed first (i.e., TP-4b and TP-5b). The side 
resistance during the driving of TP-4b was approximately 16 times higher than the side resistance 
of TP-4a (Tables 4.12 and 4.13). However, during the SLT (6 days after EOD), the side resistance 
of TP-4b was only 1.7 times higher than the side resistance of TP-4a. Similar behavior was also 
observed at the TP-5 location. Although the side resistance [593 kN (133 kips)] of TP-5a during 
driving was approximately half of TP-5b [1,260 kN (283 kips)], TP-5a exhibited a higher side 
resistance during the SLT (6 days after EOD), compared to TP-5b (Tables 4.14 and 4.15). The 
high set-up rate of TP-4a and TP-5a, compared to TP-4b and TP-5b, may be attributable to the 
effect of pile installation sequence. The TP-4b and TP-5b piles were installed first, which showed 
a higher initial pile resistance compared to the TP-4a and TP-5a piles. It may be postulated that 
the driving of the TP-4b and TP-5b piles resulted in the development of excess PWP in the 
surrounding soils and further, it was postulated that excess PWP do exist at the TP-4a and TP-5a 
pile locations, due to driving the TP-4b and TP-5b piles. As a result, the initial resistances of the 
TP-4a and TP-5a piles were artificially low. As the excess PWP dissipated with time, the final 
resistances of the two piles converge to a smaller gap. It is believed that 3.05 m (10 ft.) center-to-
center distance between the two test piles at both locations (i.e., TP-4a, TP-4b and TP-5a, TP-5b) 
were insufficient to minimize pile-soil-pile interaction. In addition, the small time lag (i.e., 2 hours) 
between the installations of the two piles also contributed to this difference.  
 
4.6.2 Set-up in terms of individual soil layers 
It is, however, difficult to generalize the set-up behavior based on total pile resistance, since most 
of pile locations have mixed soils. The resistance distributions of DLTs were analyzed using the 
CAPWAP analyses. These distributions were used, together with the measured load distribution 
from the SLTs. The resistance distribution calculated from an instrumented pile can be used to 
determine the load transfer at the locations of the strain gages. These break points may or may not 
coincide with the soil strata boundaries. Applying the resistance distribution determined, using this 
method can be misleading. For the test piles at the TP-4 and TP-5 locations, the strain gages were 
located at different elevations, even for the piles at the same location. Comparing the results 
without correcting the elevation difference can be confusing. As such, the resistances for each 
individual pile segment were separated at the strata boundaries (based on the soil classification) 
by assuming the same unit side resistance (fs) within the same soil stratum. Mainly, the separations 
of layers were performed based on major soil boundaries such as clay and sand based on the field 
exploration program. The calculated side resistances of individual soil layers of TP-2, TP-3, TP-





































































































































































































































Rs/Rso 12.0 8.3 2.8 7.4 9.6 8.8 5.0 14.3 7.5 




























































































































Rs/Rso 5.7 1.6 4.0 1.3 3.9 1.3 4.3 3.0 



















































































































































































































Rs/Rso 6.9 6.0 2.8 14.9 11.2 10.8 1.5 10.0 9.9 







































































































































































































































Rs/Rso 6.5 6.4 4.1 3.8 3.3 3.4 3.4 2.2 2.8 
“A” parameter 0.47 0.42 0.35 0.35 0.30 0.34 0.42 0.22  
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Rs/Rso 5.1 1.7 5.0 5.3 6.7 5.7 5.2 



























































































































































































Rs/Rso 3.7 1.6 2.3 2.7 1.9 2.7 2.3 2.4 
“A” parameter 0.28 0.15 0.23 0.23 0.15 0.20 0.21  
 
4.6.2.1 Set-up in clayey soil layers 
Layers 2-8 with undrained shear strength (Su) of 26.5 kPa (0.2 tsf) and PI of 68% and Layers 2-1 
with Su of 7 kPa (0.07 tsf) and PI of 84% exhibited the highest amount of set-up after 7 days from 
EOD among all the clayey soil layers of TP-2. The set-up behavior of clayey soil layers of TP-2 is 
depicted in Figure 4.29, a. Layers 3-1, 3-3, 3-4, 3-6, 3-7 and 3-9 represent the clayey soil layers of 
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TP-3. The maximum amount of set-up was observed for Layer 3-1 and the minimum amount of 
set-up was exhibited by Layer 3-7. The SLT (performed 13 days after EOD) showed that the side 
resistance set-up was 5.7 and 3.8 times higher compared to the EOD side resistances for Layers 3-
1 and 3-7, respectively. The low undrained shear strength (Su) [38 kPa (0.4 tsf)] and high PI (65%), 
as compared to other clayey soil layers of TP-3, may contributed to the behavior of layer 3-1. The 
set-up trend for the clayey soil layers of TP-3 are presented in Figure 4.29, b.    
Figures 4.29, c and 4.29, d show the set-up trend for the clayey soil layers for TP-4a and 
TP-4b, respectively. Though the strain gages were installed in different depths for these two piles, 
the weighted average method (WAM) was implemented to adjust the side resistance, in order to 
properly compare the set-up behavior of specific soil layers for both piles. Layers 4a-2 and 4a-5 
exhibited the minimum (Rs/Rso = 6.0) and maximum (Rs/Rso = 14.9) set-up ratio among the clayey 
soil layers of TP-4a, respectively. The maximum (Rs/Rso = 6.5) and minimum (Rs/Rso = 2.2) of set-
up ratio among the clayey soil layers of TP-4b was observed for 4b-1 and 4b-14, respectively. It 
appears that the higher undrained shear strength [Su = 78.0 kPa (0.7 tsf)] and the lower PI (26%) 
for the soil layer 4b-14, as compared to the other clay layers at the TP-4 location, may be the main 
factors for the lowest set-up ratio. Similarly the lower undrained shear strength (Su) and higher PI 
for layers 4b-1 and 4b-2 at TP-4b location resulted in a higher amount of set-up ratio, compared 
to the other clayey soil layers for TP-4b. Similar behavior was also observed for the clayey soil 
layers of TP-5. Figures 4.29, e and 4.29, f depict the set-up trend for the clayey soil layers for TP-
5a and TP-5b, respectively. As observed from the set-up behavior of the soil layers of TP-5a and 
TP-5b, the same conclusions may be made regarding the effect of the soil property’s impact on the 












         
                             
                       Figure 4.30 Set-up of individual soil layers for clayey soil at LA-1 site 
(a) Test Pile-2 (TP-2) 


















































fs/fso = 0.40 log (t/to) + 1
fs/fso = 0.45 log (t/to) + 1
R2 = 0.99














   
                                    









       
 
                                   
 
             






                            
                   
 
Figure 4.29 Set-up of individual soil layers for clayey soil at LA-1 site (continued) 


















































fs/fso = 0.31 log (t/to) + 1
fs/fso = 0.37 log (t/to) + 1
R2 = 0.70
fs/fso = 0.43 log (t/to) + 1
R2 = 0.87
(b) Test Pile-3 (TP-3) 


















































fs/fso = 0.48 log (t/to) + 1
fs/fso = 0.44 log (t/to) + 1
R2 = 0.97
fs/fso = 0.38 log (t/to) + 1
R2 = 0.96
(c) Test Pile-4a (TP-4a) 
(d) Test Pile-4b (TP-4b) 


















































fs/fso = 0.30 log (t/to) + 1
fs/fso = 0.37 log (t/to) + 1
R2 = 0.90















       
                                            









                            
         
                                    
Figure 4.29 Set-up of individual soil layers for clayey soil at LA-1 site (continued) 
 
4.6.2.2 Set-up in sandy soil layers 
The sandy soil layers exhibited a smaller amount of set-up than the clayey soil layers for all test 
piles of the LA-1 site. Layers 2-3, 3-2, 3-5, 3-8, 4a-3, 4a-6, 4a-9, 4b-3, 4b-6, 4b-9, 5a-2, 5a-6, 5b-
2 and 5b-6 represent the sandy soil layers in this study. The set-up behavior of sandy soil layers of 
all the test piles at LA-1 site are depicted in Figure 4.30. It is observed from Figure 4.30 that all 
sandy soil layers exhibited smaller amounts and rates of set-up, compared to clayey soil layers. 
The maximum (Rs/Rso = 2.8) and the minimum (Rs/Rso = 1.3) amount of set-up ratios for the sandy 



















































fs/fso = 0.35 log (t/to) + 1
fs/fso = 0.33 log (t/to) + 1
R2 = 0.85
fs/fso = 0.36 log (t/to) + 1
R2 = 0.93
(e) Test Pile-5a (TP-5a) 



















































fs/fso = 0.23 log (t/to) + 1
fs/fso = 0.28 log (t/to) + 1
R2 = 0.93
fs/fso = 0.23 log (t/to) + 1
R2 = 0.74
(f) Test Pile-5b (TP-5b) 
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soil layers of all LA-1 test piles were exhibited by layers 4a-6 and 3a-8 respectively, at the time of 
performing the static load test.  
 
                                       
                            
                                     
Figure 4.31 Set-up of individual soil layers for sandy soil at LA-1 site 
  
(a) Test Pile-2 (TP-2) 














































fs/fso = 0.24 log (t/to) + 1
R2 = 0.96

















































fs/fso = 0.08 log (t/to) + 1
fs/fso = 0.07 log (t/to) + 1
R2 = 0.76
fs/fso = 0.13 log (t/to) + 1
R2 = 0.98
(b) Test Pile-3 (TP-3) 
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Figure 4.30 Set-up of individual soil layers for sandy soil at LA-1 site (continued) 















































fs/fso = 0.13 log (t/to) + 1
R2 = 0.62
fs/fso = 0.13 log (t/to) + 1
R2 = 0.94
(c) Test Pile-4a (TP-4a) 


















































fs/fso = 0.20 log (t/to) + 1
fs/fso = 0.16 log (t/to) + 1
R2 = 0.96
fs/fso = 0.12 log (t/to) + 1
R2 = 0.74
(d) Test Pile-4b (TP-4b) 
(e) Test Pile-5a (TP-5a) 




















































                                 
 
Figure 4.30 Set-up of individual soil layers for sandy soil at LA-1 site (continued) 
 
4.7 Summary and Discussion 
In order to fulfill the objective of this study, a comprehensive set-up study was performed in 
different locations of Louisiana. SLTs and DLTs were conducted to measure the amount and rate 
of set-up “A”. All the test piles were instrumented with vibrating wire strain gages in order to 
measure the set-up of individual soil layers. Logarithmic set-up parameter “A” was back-
calculated in term of the total side resistance (Rs) and unit side resistance (fs) for individual soil 
layers. Clayey soil layers exhibited a higher amount and rate of set-up, compared to sandy soil 
layers. Moreover, soft clayey soil layers exhibited a higher amount and rate of set-up, compared 
to the stiff clayey soil layers, which was mainly attributed to the soil properties. The consolidation 
plots from pile face also confirm that in clayey soil layers, a significant amount of excess pore 
water developed during pile driving, hence a long, prolonged time was necessary to dissipate the 
excess PWP due to low permeability (kh) and low coefficient of consolidation (cv). These soil 
properties may contribute to a higher amount and rate of set-up in clayey soil layers, when 
compared to the sandy soil layers. This calculated logarithmic set-up parameter “A” was correlated 
with specific soil properties which will be described in the next chapter. 






















































fs/fso = 0.15 log (t/to) + 1
fs/fso = 0.15 log (t/to) + 1
R2 = 0.94
(f) Test Pile-5b (TP-5b) 
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CHAPTER FIVE  
INFLUENCE OF SOIL PROPERTIES ON PILE SET-UP 
 
5.1 Introduction 
The set-up of soils must be analyzed for individual soil layers along the pile length, rather than 
total pile resistance (Rt) for a better prediction of set-up. The soil properties such as plasticity index 
(PI), undrained shear strength (Su), permeability (kh), overconsolidation ratio (OCR), sensitivity 
(St), and coefficient of consolidation (cv or ch) have a significant effect on the set-up process which 
cannot be incorporated in the pile set-up unless an analysis is performed for individual soil layers. 
This chapter will focus on the effect and influence of soil properties on the logarithmic set-up 
parameter “A”. 
 
5.2 Evaluation of Soil Properties on Individual Soil Layer 
A review of existing literature revealed that most of the available set-up studies were conducted 
and analyzed based on the total pile resistance (Rt). Piles are usually driven through different soil 
layers composed of different soil types/properties that exhibit a different set-up with time. As a 
result, it is very difficult to correlate the soil properties with the magnitude or rate of set-up, unless 
it is first analyzed by individual soil layers. The detailed laboratory and subsurface soil 
investigation and full-scale load test results presented in Chapter three provided an opportunity to 
study the set-up behavior of individual soil layers along the pile length. The resistances estimated 
from the DLTs were analyzed, using the data obtained from the CAPWAP program in order to 
estimate the side resistance for individual soil layers along the pile length. During the SLT, the 
load transfer distribution plots were generated from strain gage measurements and used to estimate 
the side resistances for all the soil layers along the test piles of this study.  
The logarithmic set-up parameters “A” were back-calculated, using the model proposed by 
Skov and Denver (1988) (Equation 5.1) for the total resistances (Rt). Since set-up is mainly due to 
side resistance (Rs), Bullock et al. (2005) back-calculated “A” using side resistance (Rs) (Equation-
5.2), instead of total resistance (Rt) (Equation 5.1). The “A” parameter in this study was back-
calculated, using the unit side resistance (fs) (i.e., side resistance / contact area) to analyze the set-
up behavior for individual soil layers (Equation 5.3).  
Rt
Rto
 = 1 + A log 
t
to
                                                        …5.1 
Rs
Rso
 = 1 + A log 
t
to
                                                        …5.2 
fs
fso
 = 1 + A log 
t
to




Usually, the elapsed time for the EOD is assumed to be at about 10 minutes in the 
logarithmic scale of set-up plot in the literature. However, it was found from the load testing 
program at this site that an elapsed time of 15 minutes after EOD produces the most reasonable fit 
of set-up, with the time as shown in set-up plots of the previous chapter. Note that below this time, 
the pile set-up may not be linear with respect to logarithm of time (Komurka et al. 2003a). The 
reported “A” values in the literature were mainly calculated using the total resistances (Rt). 
However, no study in the literature investigated the “A” parameter for a specific soil layer, which 
can mislead for a specific soil type on the exact value of “A” reported in literature. However, it is 
evident that the “A” value is usually higher for clayey soils, compared to the sandy soils (e.g., 
Skov and Denver, 1988; Long et al. 1999a).  
Table 5.1 presents the back-calculated “A” values for all the soil layers (both clayey and 
sandy) along the length of the test piles in this study. A total of 94 soil layers were used in this 
analysis. Clayey soil behavior was dominant in 70 clayey soil layers, while the rest of the soil 
layers (i.e., 24) exhibited sandy soil behavior. The maximum and minimum “A’ values for the 
clayey soil layers were 0.53 and 0.12, respectively, while for sandy soil, the maximum and 
minimum values of “A” parameter were 0.36 and 0.02, respectively. The average value of “A” 
parameter for clayey and sandy soil layers were 0.31 and 0.15, respectively. These values were 
within the range of the reported “A” values in the literature. However, the “A” values reported in 
this study represent specific soil types. It should be noted here that the “A” parameter was 
calculated with repect to the initial normalized time, to = 1 day. 
The effects of soil parameters on these back-calculated “A” parameters were investigated. 
Other effects such as, corrected cone tip resistance (qt) from PCPT test and pile installation 
sequence were also analyzed. Since the set-up in this study was analyzed for individual soil layers, 
set-up parameter “A” can be correlated with specific soil properties. Very few studies (e.g., Guang-
Yu, 1988; Lukas and Bushell, 1989; Karlsrud et al. 2005; Ng et al. 2013a) investigated the 
influence of soil properties on set-up or incorporated soil properties in the set-up prediction model. 
Guang-Yu (1988) investigated the effect of sensitivity (St) on soft Shanghai clayey soil. Karlsrud 
et al. (2005) investigated the effect of plasticity index (PI) and overconsolidation ratio (OCR) on 
set-up. Very recently, Ng et al. (2013a) conducted full-scale load tests on instrumented test piles 
at different locations of Iowa and studied the effect of different soil properties on set-up behavior 
for steel-H piles. Ng (2011) evaluated the effect of SPT-N value, horizontal coefficient of 
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5.2.1 Effect of undrained shear strength (Su) 
The undrained shear strength (Su) was correlated in this study with the rate of set-up parameter 
“A” for the individual clayey soil layers. PCPT calculated undrained shear strength (Su) was used 
in this correlation using Nk factor of 15. Usually, PCPT provides a total number of 15 to 17 
readings of every ft., and each soil layer consisted of 0.6 to 1.5 m (2 to 5 ft.). For the analyses, the 
average value of all of these readings was taken as one single layer; it was believed that the average 
value obtained in this manner will represent the behavior of that layer more specifically than one 
single unconsolidated undrained (UU) test in the whole layer. It was observed that the Layer 1 of 
LA-1-TP-2 exhibited the maximum rate of set-up (i.e., 0.53). On the contrary, the soil layer with 
highest Su (i.e., Layer 5 of Bayou Zourie site) exhibited a lower magnitude of set-up, as well a 
lower rate of set-up (i.e., A = 0.29). In general, the clayey soil layers of LA-1 site with lower Su 
exhibited higher rate and magnitude of set-up, compared to the clayey soil layers of other sites. 

















                                    
Figure 5.1 Correlation between undrained shear strength (Su) and set-up parameter “A” 
 
The figure clearly shows that there was an inverse-power relationship between the “A” 
parameter and Su. The coefficient of correlation (R
2) of this relationship is high (R2 = 0.68) as 
observed from the figure. Stiff clayey soil layers with high Su values exhibited a lesser amount of 
set-up with the lower rate of set-up parameter “A”. On the other hand, soft clayey soil layers with 
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a low Su value exhibited a higher amount and rate of set-up parameter “A”, since the thixotropic 
effect is more significant and the dissipation of excess PWP takes a prolonged period to dissipate 
in soft clayey soil layers. This observation is consistent with the findings of Ng et al. (2013a), who 
also showed that the percentage of increase of set-up is higher for soil with a low Su value. A 
similar conclusion was also made by Long et al. (1999a), where the conclusion was that on a 
percentage basis, the set-up was more significant in soft soils than stiff clayey soils.  
 
5.2.2 Effect of plasticity index (PI) 
The correlation between the PI of clayey soil layers and the rate of set-up parameter “A” is shown 
in Figure 5.2. If the Atterberg test were to be performed more than once, the average value of PI 
of that layer was taken for analyses. Layer 1 of LA-1-TP-2 with maximum PI (i.e., PI = 84%) 
exhibited a higher magnitude and rate of set-up (i.e., A = 0.53), compared to the other clayey soil 
layers; whereas, layer 7 of BL-TP-1 exhibited a lower amount and rate of set-up (i.e., A = 0.14) 

















                                     
Figure 5.2 Correlation between plasticity index (PI) and set-up parameter “A” 
 
This observation is consistent with Figure 5.2, where a linear proportional relationship 
between the PI and the “A” parameter is observed, and the coefficient of correlation (R2) is high 
(R2 = 0.73) for this correlation. The clayey soil layers with low PI values usually exhibited a lower 
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amount of set-up, as well as low values of logarithmic set-up parameter “A”, while clayey soil 
layers with high PI values exhibited a higher amount of set-up with higher values of set-up 
parameter “A”. Since set-up is more significant in soft clayey soils, and soft clayey soil usually 
exhibits a higher PI compared to the stiff soil, it may be concluded that both magnitude and rate 
of set-up can be significantly influenced by PI, as well as have a linear proportional relationship 
in between set-up parameter “A” and PI. 
  
5.2.3 Effect of overconsolidation ratio (OCR) 
Researchers (Randolph et al. 1979; Whittle and Sutabutr, 1999) tried to find the influence of OCR 
on set-up. Randolph et al. (1979) concluded that stress change around a pile after installation in 
clay is nearly independent of the soil’s overconsolidation ratio (OCR). However, Whittle and 
Sutabutr (1999) concluded that a reliable set-up prediction for large diameter open-ended pipe 
piles depends on an accurate determination of OCR. PCPT evaluated OCR was used in an attempt 
to correlate OCR with the logarithmic set-up parameter “A”. The procedure for calculating OCR 
from PCPT data can be found in Abu-Farsakh (2004). Layer 2 of BL-TP-2 with a maximum OCR 
exhibited the lower amount of logarithmic set-up parameter (i.e., A = 0.27), whereas, layer 13 of 
LA-1-TP-4b exhibited a higher amount of logarithmic set-up rate (i.e., A = 0.42) with a lower 
OCR value (i.e., OCR = 0.25). The correlation between overconsolidation ratio (OCR) and set-up 
parameter “A” is presented in Figure 5.3. The figure shows that there an inverse exponential 
relationship exists in between OCR and the set-up parameter “A”, identical to an Su – “A” 
parameter relationship. The coefficient of correlation (R2) of this relationship is 0.48. This may 
conclude that overconsolidated, clayey soils exhibit a lower amount and rate of set-up, compared 































                                 
Figure 5.3 Correlation between overconsolidation ratio (OCR) and set-up parameter “A” 
 
5.2.4 Effect of sensitivity (St) 
Due to the thixotropic property of the soil, the subsequent remolding and reconsolidation of the 
disturbed soil at the soil-pile interface zone will also be associated with a long term increase in soil 
strength, depending on sensitivity (St) of the soil. Guang –Yu (1988) performed some sensitivity 
tests on Shanghai soil and developed a model to predict pile set-up at 14 days by incorporating the 
sensitivity (St) of the soil in the model. Lukas and Bushell (1989) also incorporated soil sensitivity 
(St) in their developed model. The in-situ vane shear test is the best suited for the determination of 
shear strength of saturated cohesive soils, especially of sensitive clays, which are susceptible to 
sampling disturbances. However, in this study, a small scale lab vane shear test is used to perform 
the test and determine the sensitivity (St) of the collected soil samples from three test pile locations 
of Bayou Lacassine site and the test pile location of Bayou Zourie site. Layer 2 of BL-TP-1 with 
maximum sensitivity (St) exhibited a higher amount of set-up rate (A = 0.26), and layer 5 of BZ 
exhibited a lower amount of set-up rate (A = 0.29), compared to the other clayey soil layers. The 
correlation between sensitivity (St) and set-up parameter “A” is depicted in Figure 5.4. The figure 
shows that there exist a linear proportional relationship in between sensitivity (St) and the set-up 
parameter “A”, which is the same as a PI-set-up parameter “A” relationship. The coefficient of 
correlation (R2) of this correlation is 0.44. It may be concluded from this figure that the soil with 
a higher sensitivity (St) exhibited a higher amount of set-up rate “A” compared to the insensitive 


























































clayey soils. However, Titi and Wathugala (1999) observed a significant amount of set-up for 


















                                  
Figure 5.4 Correlation between sensitivity (St) and set-up parameter “A” 
 
5.2.5 Effect of coefficient of consolidation (cv) 
The coefficient of consolidation (ch or cv) is believed to be one of the most important factors to 
influence the set-up. The in-situ PCPT dissipation tests were performed for Bayou Zourie and 
Bayou Lacassine sites, and the horizontal coefficient of consolidation (ch) is calculated from the 
dissipation plots, using the Teh and Houlsby (1991) method. The conversion procedure of ch to cv 
can be found in Abu-Farsakh et al. (2011). A one-dimensional laboratory consolidation test was 
also performed on the soil samples collected at LA-1 test pile locations and the Bayou Teche test 
pile location. Ng (2011) conducted dissipation tests at various test pile locations of Iowa and 
incorporated ch in the set-up prediction model. Ng (2011) also established a relationship between 
undrained shear strength (Su) and horizontal coefficient of consolidation (ch), in order to predict ch 
from Su in absence of the dissipation test. The correlation between the coefficient of consolidation 
(cv) and set-up parameter “A” for this study is depicted in Figure 5.5. In order to better represent, 
the logarithmic value of cv was taken for analyses. The figure shows that there exists an inverse 
linear proportional relationship between set-up parameter “A” and the coefficient of consolidation 




















































(cv). The coefficient of correlation (R
2) of this relationship is high (R2 = 0.61). Layer 8 of BL-TP-
2 with maximum cv (0.0059 in
2/hour) exhibited lower amount of set-up rate (i.e., A = 0.18). On 
the other side, layer 2 of BL-TP-1 with a minimum coefficient of consolidation (cv) 5.7 x 10
-6 
in2/hour exhibited a higher amount of set-up rate (A = 0.26). Since pile driving induced excess 
PWP dissipates faster in soils with a high permeability and a high coefficient of consolidation (cv), 
and since the set-up rate is mainly attributable to the dissipation of excess PWP (consolidation), it 
may be concluded that the soil with higher permeability and a higher coefficient of consolidation 
(cv) exhibited a lower amount and rate of set-up compared to the clayey soil layers with lower 

















                                      
 Figure 5.5 Correlation between coefficient of consolidation (cv) and set-up parameter “A” 
 
5.2.6 Effect of corrected cone tip resistance (qt) 
Table 5.1 clearly shows that there is a relationship trend between qt and set-up parameter “A” for 
clayey soil, such that “A” decreases with an increasing qt value. The maximum “A” value is 
exhibited by soil layer 1 of LA-1-TP-2, which has very low qt of 0.3 MPa (2.7 tsf). On the contrary, 
the lowest set-up parameter “A” (i.e., A = 0.12) was exhibited by layer 3 of BL-TP-1, which has 
qt of 2.2 MPa (22.9 tsf). The qt is therefore correlated with the rate of set-up parameter “A” for the 
individual clayey soil layers; the results are depicted in Figure 5.6. A close inspection of the results 
presented in Figure 5.6 indicates that there is an inverse exponential relationship between the “A” 




























































parameter and qt, identical to the Su - “A” parameter relationship. The coefficient of correlation 
(R2) of this correlation is 0.77. Stiff clayey soil layers with high qt values exhibited a lesser amount 
of set-up with a lower rate of set-up parameter “A”. On the other hand, soft clayey soil layers with 
low qt values exhibited a higher amount and rate of set-up “A”. Stiff clayey soils have a high 
undrained shear strength (Su) and high corrected cone tip resistance (qt), therefore, the set-up 
















                                   
Figure 5.6 Correlation between corrected cone tip resistance (qt) and set-up parameter “A” 
 
5.2.7 Effect of pile installation sequence 
There is no available study in literature that investigates the effect of pile installation sequence on 
set-up behavior. In order to evaluate the effect of pile installation sequence on set-up behavior, 
two piles were installed close to each other at two selected test pile locations (TP-4 and TP-5) of 
the LA-1 site. The test piles of same size and type [610 mm (24 in.) PSC piles] were installed at a 
3.05 m (10 ft.) distance apart within a very short period of time (3 hours at TP-4 and 2 hours at 
TP-5 location). The test result showed that at both locations, the piles that were installed later (TP-
4a and TP-5a) have lower driving resistances, compared to the piles that were installed first (TP-
4b and TP-5b) and also exhibited a higher rate of set-up “A”. Similar behavior was also observed 
for individual soil layers of these test piles. All the clayey soil layers of TP-4a and TP-5a exhibited 
a higher amount of set-up rate “A” compared to the clayey soil layers of TP-4b and TP-5b. It may 
be postulated that this behavior was mainly due to the development of excess PWP during the 
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driving of TP-4b and TP-5b piles, prior to the installation of TP-4a and TP-5a. The presence of 
excess PWP prior to installation resulted in lower driving resistances and higher set-up rate “A” 
for TP-4a and TP-5a. Existing studies (i.e., Pestana et al. 2002, Haque et al. 2014) showed that the 
generated excess PWP, due to pile driving, can extend beyond a radial distance of 3.05 m (10 ft.) 
from the pile face. More analyses about the impact of pile installation sequene on pile set-up can 
be found in Haque et al. (2015b). 
 
5.3 Summary and Discussion 
Soil properties of individual soil layers and the set-up parameter “A” were analyzed for 70 clayey 
soil layers of 12 instrumented test piles. Based on the observations, it can be concluded that soil 
properties have a significant influence on the amount and rate of set-up parameter “A”. Set-up 
parameter “A” decreases with the increase of undrained shear strength (Su), corrected cone tip 
resistance (qt), coefficient of consolidation (ch or cv), overconsolidation ratio (OCR) as well as 
increases with increasing plasticity index (PI) and sensitivity (St). The pile set-up can be predicted 
more accurately if these aforementioned soil properties and their correlations can be incorporated 

















CHAPTER SIX  
PILE SET-UP PREDICTION MODELS 
 
6.1 Introduction 
Empirical prediction methods are used in many Geotechnical Engineering applications. This is 
generally done by estimating the dependent variable (i.e., set-up parameter “A”), based on the 
independent variables (e.g., undrained shear strength, plasticity index, coefficient of consolidation, 
sensitivity, overconsolidation ratio, and corrected cone tip resistance). Several researchers (e.g., 
Guang Yu, 1988; Karlsrud et al. 2005; Ng et al. 2013a) correlated set-up parameter “A” with 
different soil properties. This chapter will focus on the development of the correlations between 
set-up parameter “A” with different soil properties, a detailed procedure to develop the models and 
finally validation/verification of the models.  
 
6.2 Nonlinear Regression Model: 
A regression model is called nonlinear when the variables are modeled by a function, which is a 
nonlinear combination of the model input parameters and depends on one or more than one 
independent variable. In another way, a regression model is called nonlinear, if the derivatives of 
the model with respect to the model parameters depend on one or more than one input parameter. 
An example of a nonlinear regression model is: 
Y = α X1i
βX2i
β + ɛi               …6.1 
where, Y is a dependent variable or the output, whereas, X1i and X2i are the independent variables 
or input parameters. A nonlinear regression model is preferred over regression analyses, since 
fitting a nonlinear regression model to data is more involved than fitting a linear model (SAS 
Manual). The main advantages of nonlinear models consist of interpretability and predictability 
(Bates and Watts, 2007; Archontoulis and Miguez, 2015). In general, nonlinear models can 
accommodate a wide variety of functions and can incorporate each variable with a meaningful 
interpretation. Different functions such as exponential decay, exponential rise, sigmoidal function, 
logarithmic function, bell curve, and others can be incorporated in one regression model, and one 
final dependent variable can be estimated or calculated. Another main advantage of this model is 
that the prediction of the model tends to be stronger than a linear model for the extrapolation. 
However, the main disadvantage of the nonlinear model is that the process is iterative. In order to 
predict the final parameters, the iteration process begins with a user defined initial value. Then a 
number of iterations are usually performed in order to predict the best value of the parameter.    
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6.3 Procedure of Performing the Analyses 
The nonlinear regression analysis is performed with the aid of a Statistical Analyses System (SAS) 
software program. The PROC NLIN function is used in order to conduct the analyses. The 
following steps indicate a nonlinear regression analyses:   
 
6.3.1 Identify the potential input parameters 
The first step in regression modeling explores the relationship between a dependent variable and 
different predictors. In addition to existing theoretical or empirical models that correlate different 
variables, simple graphic displays explore correlation to find the initial potential input variables. 
One common tool used in statistics is the scatter plot, which is the graphical representation of two 
quantitative variables from a multidimensional data set. The scatter plot shows the direction, 
strength, and shape of the relationship between two variables. From this observation, the outlier 
(i.e., an observation that is numerically distanced from the rest of the data) should be removed 
before performing the next step. 
 
6.3.2 Remove the outliers 
An outlier is an observation which appears too large or too small in comparison to the other values. 
An outlier may be an observation resulting from an incorrect experimental process, calculation, 
and/ or sampling, or the observed value is due to different mechanisms other than the one that 
guides the rest of the data set. Sometimes, the observation may be correct, but statistically is 
viewed to be out of the line relative to other values. In that situation, it is necessary to omit the 
point. 
 
6.3.3 Choosing initial values 
The nonlinear regression analyses initially starts with an assumed parameter. The initial values 
influence the convergence of the estimated algorithm. A better choice of initial values can reduce 
the number of iterations; no convergence can be yielded having chosen the wrong initial values. 
The procedure for choosing initial values can be found in Ritz and Streibig (2008), and the SAS 
manual. 
     
6.3.4 Model convergence 
The algorithm convergence is evaluated after the initial chosen value is found to fit the nonlinear 
model. Convergence is achieved when the difference of the measured value and the predicted value 
become insignificant, or when the model is found to be the best solution. A wrong choice of initial 
values may result in no convergence. However, the parameters should be evaluated after the 
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convergence is finished to justify whether the parameters are in reasonable range or not. This can 
be done by estimating the standard error.    
 
6.3.5 Model selection criteria 
In order to choose the best model from multiple models, several statistical criteria can be used such 
as the F-test, t-test, Akaike information criterion ((AIC), Bayersian information criterion (BIC), or 
more. In this study, both the F-test and the t-test were performed. In order to verify the contribution 





                                                                                 …6.2 
 
where, SSfull and SSreduced are the regression model sum of squares for the full and reduced models, 
respectively, and dffull and dfreduced are the degree of freedom for the full and the reduced models, 
respectively. The F-test is normally used when the ordinary least squares method is used to fit.   
 
6.3.6 Significance of the model 
Finally, the significance of the model was checked by goodness of fit, bias, coefficient of variation 
(COV), and by estimation of the sum of square error (SSE). Goodness of fit may be evaluated by 
a quick visual and numerical assessment. The numerical statistical indices for goodness of fit test 
are R2, adjusted R2, sum of square due to regression (SSR), total sum of square (SST), mean square 
error (MSE), root mean square error (RMSE) and others. The following numerical indices are used 
to model evaluation: 
 Bias = 
1
n
 ∑ (Yi −  Ŷini=1 )                       
R2 = 1- 
SSresidual
SStotal
               










 )            
SST = ∑ (Yi −  Ŷini=1 )
2            





)      
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where, n is the number of data points, Yi and Ŷi are the observed and predicted values, SSresidual 
and sstotal are the sum of square for the residual, regression model and total, respectively. The 





































6.4 Development of the Empirical Models and Verification 
The above procedure was used to perform this nonlinear multivariable regression analyses. Five 
different levels of model were developed. The procedure to develop every level was similar; 
however, the difference lies in the incorporation of different soil properties found in different 
levels. The correlation that was described and analyzed for individual soil parameter in the 
previous chapter was analyzed to develop the models. Two soil parameters (i.e., undrained shear 
strength, Su and plasticity index) were focused and correlated with set-up parameter “A” in Level 
1 model. It is easier to predict the set-up using the model of Level-1, since every soil borelog 
usually contains these two parameters, which allows an easier calculation or determination. Level 
2 contains three soil parameters. These were undrained shear strength, Su, plasticity index (PI), 
and coefficient of consolidation (cv). Since the set-up rate is affected by the coefficient of 
consolidation (cv) and permeability (kh), the incorporation of the coefficient of consolidation (cv) 
parameter will calculate the set-up rate “A” more effectively. Sensitivity (St) was incorporated in 
Level 3 model in addition to undrained shear strength, Su, plasticity index (PI), and coefficient of 
consolidation (cv). Sensitivity (St) was incorporated in pile set-up prediction models by Guang-Yu 
(1988), and Lukas and Bushell (1989). Overconsolidation ratio (OCR) was attemted for 
incorporation with the other soil parameters of Levels 2 and 3. Set-up parameter “A” was 
correlated with undrained shear strength, Su, plasticity index (PI), coefficient of consolidation (cv) 
and overconsolidation ratio (OCR). In addition to the soil parameters of Level 3, the 
overconsolidation ratio (OCR) was added in Level 5 in order to predict the “A” parameter. Another 
empirical model was developed by directly correlating the “A” parameter with in-situ soil 
properties, such as a corrected cone tip resistance (qt). The correlation developed earlier was 
directly deployed here, in order to calculate the set-up parameter “A”. Regression analyses were 
performed with the aid of the SAS program on 70 clayey soil layers of the 12 instrumented test 
piles that were used to develop the models. 
 The following section will describe the correlation of set-up parameter “A” with the soil 
properties on different levels. The “A” parameter was back-calculated, using the unit side 
resistance (fs), hence, the correlation between set-up parameter “A” and different soil properties 
may be replaced rather than “A” in Equation 5.3. 
fs
fso
 = 1 + A log 
t
to
                                                                                                          … 5.3 
fs
fso
 = 1 + (correlation between “A” and soil properties) log 
t
to
                                     … 6.3                                                    
Equation 6.3 can be implemented to estimate the unit side resistance (fs), due to the set-up 
of an individual clayey soil layer at any time after EOD. The unit side resistance value will be 
multiplied with the contact area of that layer (Asi) to calculate the side resistance (Rsi) of the layer. 
The side resistances of individual soil layers will be added together to calculate the total side 
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resistance (Rs) along the length of the pile due to set-up. The total resistance (Rt) due to set-up will 
be the total side resistance due to set-up (Rs) with the added value of tip resistance (Rtip) at 1
st 
restrike (as no set-up was observed in this study at tip resistance, as well as mentioned in the 
literature). The detailed procedure to calculate the total resistance (Rt) due to set-up will be 
discussed later. 
 
6.4.1 Empirical model for level-1, [A = f (Su, PI)] 
The comprehensive statistical analyses were carried out on the collected field measurements to 
develop a nonlinear regression model between the logarithmic set-up parameter “A” and the soil 
properties [i.e., undrained shear strength (Su) and PI] that were selected to incorporate into the  
Level-1 model. The plasticity index (PI) was normalized with 100, and the undrained shear 
strength (Su) was normalized with 100 kPa, in order to make the set-up parameter “A” unit less. 
Once some preliminary models were selected, a detailed statistical analyses, such as the 
significance of the model as a whole (F test) and the significance of the partial multiple regression 
coefficient (t test), were carried out on each model to evaluate the influence of each parameter on 
the model. If the model had a Pr>F value greater than 0.0001, the model was rejected. Then, if the 
parameter had more influence than 0.05 (≥ 0.05), then the model was not considered for future 
analyses. 
Seven initial models were selected for Level-1 after initial screening (Table A1, Appendix 
A). Further, these four models were evaluated to predict the best model. Statistical tests such as 
Pseudo R2, bias (μ), standard deviation (σ), and coefficient of variation (COV) were performed. 
Finally, the sum of square error (SSE) was calculated for each model with previously unused data 
to verify/validate the model. All of the analyses results for the selected model of Level-1 are 
tabulated in Table 6.1 to Table 6.3. Based on statistical analyses, the following empirical model 












                    …6.4 
The coefficient of correlation (R2) for this model is 0.84, whereas, the mean and standard 
deviation of the measured and predicted values are 0.99 and 0.16, respectively. Figures 6.2 and 6.3 
present the statictical analyses and the comparison of measured versus predicted “A” parameter 
and resistance. Figure 6.2, a presents the comparison of “A” parameters for measured versus 
predicted values that were used to develop this model. This set-up parameter “A” must be 
incorporated in the Skov and Denver’s (1988) model to predict the unit side resistance (fs) at a 
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where, to = 1 day, 
     and fso = measured unit side resistance at 1 day restrike. 
 







































Regression 4 7.50 1.8760 856.63 <0.0001 
Error 64 0.14 0.0011   
Total 68 7.64    
 









Su 0.79 0.2869 0.2198 1.3660 2.76 0.007 
PI 0.49 0.0908 0.3060 0.6689 5.37 <0.0001 
 

























               
Figure 6.2 Statistical analyses for the development of model for Level-1 
 
(a) Predicted versus measured “A” for the 
development of model for Level-1 
(b) Predicted versus measured “Rt” for the 
development of model for Level-1 
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                         Figure 6.3 Statistical analyses for the validation of model for Level-1 
 
(a) Predicted versus measured “A” for the validation 
of model for Level-1 
(b) Predicted versus measured “Rt” for the validation 
of model for Level-1 
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As mentioned earlier, to determine the effectiveness of the entire model, a significant test 
for overall model was performed. Table 6.2 presents the results of the ANOVA calculation for the 
selected model of Level-1. The null hypothesis was rejected because the α value was less than 
0.0001 for Pr>F. This suggests that at least one of the independent variables (undrained shear 
strength, PI) was nonlinearly related to the dependent variable (set-up parameter “A”). A t-test was 
then performed in order to evaluate the effectiveness of the incorporated parameters (i.e., 
undrained shear strength, plasticity index) on the model. The results of these statistics are 
summarized in Table 6.3. The null hypothesis was rejected, since α was less than for 0.05 for Pr>ǀtǀ 
which means that all independent variables were effectively related to the dependent variable. 
Figure 6.2, b presents the comparison of measured versus predicted total resistance (Rt), due to the 
set-up for the test piles which was used to develop the model for Level-1. The bias (μ) and the 
standard deviation (σ) of the model for the total resistance (Rt) due to set-up is 0.96 and 0.16, 
respectively.     
Other available pile set-up data from LADOTD were analyzed here to verify/validate the 
proposed model. Eighteen non-instrumented test piles were used for the model verification 
(Appendix B). The procedure discussed earlier to predict the set-up was used to predict the set-up 
using the proposed model of Level-1. Equation 6.4 was utilized to calculate the set-up parameter 
“A” for individual soil layers. Set-up parameter “A” for the full length of the pile was calculated 
by the weighted average method. The detail procedure to calculate the “A” parameter for the total 
resistance (Rt), using the weighted average method, will be described later (7.4.2). Figure 6.3, a 
compares the measured versus predicted “A” for the total resistance (Rt) due to the set-up of these 
eighteen non-instrumented test piles. The bias (μ) and standard deviation (σ) of these values were 
0.92 and 0.24, respectively. The total resistance “Rt” for measured versus predicted resistances of 
these eighteen non-instrumented test piles is presented in Figure 6.3, b. Figure 6.3, b demonstrates 
that the proposed pile set-up model for Level-1 can predict the set-up with a good accuracy by 
having the mean of resistance ratio (i.e., ratio of resistance measured to the estimated pile 
resistance) close to unity (i.e., 0.95), and with a small coefficient of the variation (0.20) of total 
pile resistance (Rt).  
 
6.4.2 Empirical model for level-2, [A = f (Su, PI, cv)] 
Coefficient of consolidation (cv) was considered, together with the undrained shear strength (Su) 
and plasticity index (PI) in the Level-2 pile set-up prediction model. Comprehensive statistical 
analyses were considered regarding the collected field measurements in order to develop a 
nonlinear multivariable regression model between the logarithmic set-up parameter “A” and the 
soil properties [i.e., undrained shear strength (Su), PI, and coefficient of consolidation (cv)] for 
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Level-2. The logarithmic value of coefficient of consolidation (cv), which was normalized with 
0.01 in2/hour, was used in the correlation. Plasticity index (PI) was normalized with 100, while 
undrained shear strength (Su) was normalized with 100 kPa, in order to make the set-up parameter 
“A” unit less. As mentioned earlier, F-test and t-test were performed for detail statistical analyses. 
 Four initial models were selected for Level-2 after initial screening (Table A2, Appendix-
A). These four models were evaluated furthermore to predict the best model. As mentioned earlier, 
statistical test such as Pseudo R2, bias (μ), standard deviation (σ), and coefficient of variation 
(COV) were performed. Finally, for each model, the sum of square error (SSE) was calculated 
with data that has remained unused in order to verify/validate the model. Results for the entire 
analyses for the selected model of Level-2 are tabulated in Table 6.4 to 6.6. Based on the statistical 
analyses, the following regression model was proposed to calculate the set-up parameter “A” for 
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F Pr > F 
Regression 5 7.51 1.5016 692.84 <0.0001 
Error 63 0.14 0.0016   
Total 68 7.64    
 








t Pr > ǀtǀ 
Su 1.1283 0.6308 -0.1323 2.3889 2.08 0.041 
PI 1.4394 0.6174 0.2055 2.6732 2.33 0.023 
cv 0.5438 0.4891 -0.4335 1.5211 2.02 0.047 
 
The coefficient of correlation (R2) of this model is 0.86, whereas the mean and standard 
deviations of the measured and predicted values are 0.99 and 0.14, respectively. Figures 6.4 and 
6.5 present the statictical analyses and the comparison of measured versus predicted “A” parameter 
and resistance. Figure 6.4, a presents the comparison of “A” parameters for measured versus 
predicted values which were used to develop this model. This set-up parameter “A” must be 
incorporated in Skov and Denver’s (1988) model to predict the unit side resistance (fs) at a certain 
time (t) after EOD for individual clayey soil layers.  
fs
 fso



















                                             …6.7 
where, to = 1 day, 
     and fso = measured unit side resistance (fs) at 1 day restrike. 
In order to determine the effectiveness of the entire model, an F-test for the overall model 
was performed. Table 6.5 presents the results of ANOVA calculation for the selected model of 
Level-2. The null hypothesis was rejected, because α value was less than 0.0001 for Pr>F. T-test 
was then performed in order to evaluate the effectiveness of the incorporated parameters (i.e., 
undrained shear strength, plasticity index, and coefficient of consolidation) on the model. The 
results of these statistics are summarized in Table 6.6. The null hypothesis was rejected, since α 
was less than 0.05 for Pr>ǀtǀ which in turn means that all independent variables were effectively 
related to the dependent variable.  
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Figure 6.4 Statistical analyses for the development of model for Level-2 
(a) Predicted versus measured “A” for the 
development of model for Level-2 
(b) Predicted versus measured “Rt” for the 
development of model for Level-2 
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Figure 6.4, b presents the comparison of measured versus predicted total resistance (Rt), 
due to the set-up for the test piles, used to develop the model for Level-2. The bias (μ) and the 
standard deviation (σ) of the model for the total resistance (Rt) due to set-up was 0.97 and 0.13, 
respectively. Figure 6.5, a compares the measured versus predicted “A” for the total resistance 
(Rt), due to set-up of the eighteen non-instrumented test piles that were used for the model 
verification/validation. The bias (μ) and standard deviation (σ) of these values are 0.93 and 0.21, 
respectively. Figure 6.5, b demonstrates that the proposed pile set-up model for Level-2 can predict 
the set-up with good accuracy by having the mean of resistance ratio (i.e., ratio of measured to 
estimated pile resistance) close to unity (i.e., 0.95) and with a small coefficient of the variation 
(0.15) of total pile resistance (Rt).  
 
                                
Figure 6.5 Statistical analyses for the validation of model for Level-2 (continued) 
            
(a) Predicted versus measured “A” for the 
validation of model for Level-2 
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Figure 6.5 Statistical analyses for the validation of model for Level-2 
 
6.4.3 Empirical model for level-3, [A = f (Su, PI, cv, St)] 
Sensitivity (St) was incorporated, together with undrained shear strength (Su), plasticity index (PI) 
and the coefficient of consolidation (cv) in the Level-3 pile set-up prediction model. 
Comprehensive statistical analyses were applied to the collected field measurements in order to 
develop a nonlinear multivariable regression model between the logarithmic set-up parameter “A” 
and the soil properties [i.e., undrained shear strength (Su), PI, coefficient of consolidation (cv) and 
sensitivity (St)] for Level-3 model. A laboratory evaluated sensitivity (St) was used to incorporate 
in the set-up prediction model.  
 Three initial models were selected for Level-3 after initial screening (Table A3, Appendix-
A). Further, these three models were evaluated to predict the best model. As mentioned earlier, 
statistical tests such as Pseudo R2, bias (μ), standard deviation (σ) and coefficient of variation 
(COV) were performed. Finally, the sum of square error (SSE) was calculated for each model with 
yet unused data in order to verify/validate the model. All of the analyses results for the selected 
model of Level-3 are tabulated in Table 6.7 to 6.9. Based on the statistical analyses, the following 
empirical model was proposed to calculate the set-up parameter “A” for clayey soil layers of Level-
3. 
(b) Predicted versus measured “Rt” for the validation 
of model for Level-2 
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F Pr > F 
Regression 5 7.51 1.5011 680.51 <0.0001 
Error 63 0.10 0.0019   
Total 68 7.64    
 








t Pr > ǀtǀ 
Su 1.9414 0.9389 -1.5336 5.4163 2.07 0.042 
PI and St 0.4463 0.1946 -1.0417 1.9343 2.29 0.025 
cv 1.0570 0.4717 -2.0837 4.1977 2.24 0.028 
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The coefficient of correlation (R2) of this model is 0.88, whereas the mean and standard 
deviation of the measured and predicted values are 0.99 and 0.12, respectively. Figures 6.6 and 6.7 
present the statictical analyses and the comparison of measured versus predicted “A” parameter 
and resistance. Figure 6.6, a presents the comparison of “A” parameters for measured versus 
predicted values that were used to verify/validate this model. This set-up parameter “A” must be 
incorporated in the Skov and Denver’s (1988) model to predict the unit side resistance (fs) at a 
certain time (t) after EOD for individual clayey soil layers.  
fs
 fso






















                                  …6.9 
where, to = 1 day, 
     and fso = measured unit side resistance at 1 day restrike. 
In order to determine the effectiveness of the entire model, the F-test for overall model was 
performed. Table 6.8 presents the results of ANOVA calculation for the selected model of Level-
3. The null hypothesis was rejected, because α value was found to be less than 0.0001 for Pr>F. t-
test was then performed in order to evaluate the effectiveness of the incorporated parameters (i.e., 
undrained shear strength, plasticity index, coefficient of consolidation, and sensitivity) on the 
model. The results of these statistics are summarized in Table 6.9. The null hypothesis was 
rejected, since α was less than for 0.05 for Pr>ǀtǀ, which in turn means that all independent variables 
were effectively related to the dependent variable.  
Figure 6.6, b presents the comparison of measured versus predicted total resistance (Rt), 
due to the set-up for the test piles that was used to develop the model for Level-3. The bias (μ) and 
the standard deviation (σ) of the model for the total resistance (Rt) due to set-up was 0.99 and 0.11, 
respectively. Figure 6.7, a compares the measured versus predicted “A” for the total resistance 
(Rt), due to the set-up of the eighteen non-instrumented test piles that were used for the model 
verification. The bias (μ) and standard deviation (σ) of these values were 0.95 and 0.19, 
respectively. Figure 6.7, b demonstrates that the proposed pile set-up model for Level-3 can predict 
the set-up with good accuracy by having the mean of resistance ratio (i.e., ratio of measured to 
estimated pile resistance) close to unity (i.e., 0.97), and with a small coefficient of variation (i.e., 









Figure 6.6 Statistical analyses for the development of model for Level-3 
(a) Predicted versus measured “A” for the 
development of model for Level-3 
(b) Predicted versus measured “Rt” for the 





Figure 6.7 Statistical analyses for the validation of model for Level-3 
 
(a) Predicted versus measured “A” for the validation 
of model of Level-3 
(b) Predicted versus measured “Rt” for the validation 
of model of Level-3 
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6.4.4 Empirical model for level-4, [A = f (Su, PI, cv, OCR)] 
Overconsolidation ratio (OCR) was incorporated, as well as undrained shear strength (Su), 
plasticity index (PI), and coefficient of consolidation (cv) in the Level-4 pile set-up prediction 
model. Comprehensive statistical analyses were performed onto the collected field measurements 
in order to develop the nonlinear multivariable regression model between the logarithmic set-up 
parameter “A” and the selected soil properties [i.e., undrained shear strength (Su), PI, coefficient 
of consolidation (cv), and overconsolidation ratio (OCR)] for Level-4. PCPT evaluated 
overconsolidation ratio (OCR) was used in turn to incorporate this parameter into the set-up 
prediction model.  
 Four initial models were selected for Level-4 after initial screening (Table A4, Appendix-
A). Further, these four models were evaluated to predict the best model. As mentioned earlier, 
statistical tests such as Pseudo R2, bias (μ), standard deviation (σ), and coefficient of variation 
(COV) were performed. Finally, the sum of square error (SSE) was calculated for each model with 
unused data to verify/validate the model. All of the analyses results for the selected model of Level-
4 are tabulated in Table 6.10 to 6.12. Based on the statistical analyses, the following regression 
model was proposed to calculate the set-up parameter “A” for clayey soil layers of Level-4. 
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F Pr > F 
Regression 6 7.4934 1.2489 578.95 <0.0001 
Error 62 0.19 0.0023   
Total 68 7.6272    
 








t Pr > ǀtǀ 
Su 1.0840 0.5253 -0.1660 2.3340 2.06 0.043 
PI  1.0453 0.5186 -0.0714 2.1620 2.02 0.048 
cv 0.5462 0.2709 -0.2752 1.3676 2.59 0.047 
OCR 0.1768 0.1106 -0.3040 0.6577 1.60 0.115 
 
The coefficient of correlation (R2) of this model is 0.78, whereas the mean and standard 
deviations of the measured and predicted values are 0.99 and 0.16, respectively. Figures 6.8 and 
6.9 present the statictical analyses and the comparison of measured versus predicted “A” parameter 
and resistance. Figure 6.8, a presents the comparison of “A” parameters for measured versus 
predicted values used to develop this model. The set-up prediction model for individual soil layers 
then can be calculated as:  
fs
 fso























                            …6.11 
where, to = 1 day, 
     and fso = measured unit side resistance at 1 day restrike. 
Akin to previous levels, the F-test was performed in order to determine the effectiveness 
of the entire model. Table 6.11 presents the results of ANOVA calculation for the selected model. 
The null hypothesis was rejected, because α value was less than 0.0001 for Pr>F. T-test was 
performed in order to evaluate the effectiveness of the incorporated parameters (i.e., undrained 
shear strength, plasticity index, coefficient of consolidation and overconsolidation ratio) on the 
model. The results of these statistics are summarized in Table 6.12. However, the result of t-test 
for this selected model of Level-4 was not identical to the selected model of other levels. It may 
be seen from Table 6.12 that for OCR, the α was equal to 0.115, which was higher than the 
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prescribed significance level 0.05. For all other independent variables, α was less than the 
prescribed significance level 0.05. It may be postulated that since Su and OCR were correlated, the 
t-test result was affected for this correlation. In addition, although it may seem reasonable to not 
reject this model, it is actually preferable to use the selected model of Levels 1, 2, and 3.  
Figure 6.8, b presents the comparison of measured versus predicted total resistance (Rt), 
due to the set-up for test piles used to develop the model for Level-4. The bias (μ) and the standard 
deviation (σ) of the model for the total resistance (Rt) due to set-up was 0.99 and 0.14, respectively. 
Figure 6.9, a shows the measured versus predicted “A” for the total resistance (Rt), due to set-up 
of the eighteen non-instrumented test piles that were used for the model verification. The bias (μ) 
and standard deviation (σ) of these values were 0.89 and 0.17, respectively. Figure 6.9, b 
demonstrates that the proposed pile set-up model for Level-4 can predict the set-up by positioning 
the mean of resistance ratio (i.e., ratio of measured to estimated pile resistance) close to unity (i.e., 
0.98), and with a small coefficient of variation (0.16) of total pile resistance (Rt).  
 
 
                                      
Figure 6.8 Statistical analyses for the development of model for Level-4 
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 Ratio   Mean   Std.    COV
                        Dev.            
Am/Ap  0.99   0.16    0.16
(a) Predicted versus measured “A” for the 
development of model for Level-4 
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Figure 6.8 Statistical analyses for the development of model for Level-4 (continued) 
                                      
Figure 6.9 Statistical analyses for the validation of model for Level-4 
 
(b) Predicted versus measured “Rt” for the 
development of model for Level-4 
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  Ratio     Mean    Std.    COV
                             Dev.            
Rm/Rp     0.99     0.14     0.14
0 0.2 0.4 0.6 0.8























 Ratio   Mean   Std.    COV
                        Dev.            
Am/Ap  0.89   0.17    0.19
(a) Predicted versus measured “A” for the 
validation of model for Level-4 
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Figure 6.9 Statistical analyses for the validation of model for Level-4 (continued) 
 
6.4.5 Empirical model for level-5, [A = f (Su, PI, cv, St, OCR)] 
Overconsolidation ratio (OCR) was incorporated with the other soil parameters (i.e., undrained 
shear strength, PI, coefficient of consolidation and sensitivity) of Level-3 in Level-5. 
Comprehensive statistical analyses, similar to the other models, were also performed using the 
SAS software. Three initial models were selected for Level-5 after initial screening (Appendix-A). 
These three models were evaluated furthermore to predict the best model. Based on the statistical 
analyses, the following empirical model was proposed to calculate the set-up parameter “A” for 
clayey soil layers of Level-5 





















                                                                                      …6.12 
The detailed statistical parameter of this model is tabulated in Table 6.13 to 6.15. Figures 
6.10 and 6.11 present the statictical analyses and the comparison of measured versus predicted 
“A” parameter and resistance. Figure 6.10, a presents the comparison of “A” parameters for 
measured versus predicted values that were used to develop this model. The unit side resistance 
(fs) of individual clayey soil layer can be calculated by using the following equation as: 
(b) Predicted versus measured “Rt” for the validation 
of model for Level-4 
0 2000 4000 6000 8000
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                                        …6.13 
where, to = 1 day, 
     and fso = measured unit side resistance at 1 day restrike. 
Table 6.13: Summary of the selected model of Level-5 
Selected Model 















































Regression 6 7.5057 1.2510 559.65 <0.0001 
Error 62 0.20 0.0024   
Total 68 7.6443    
 









Su 1.7984 1.0391 -1.6781 5.2748 1.73 0.088 
PI and St 0.4545 0.2661 -1.0769 1.9860 1.71 0.092 
OCR 0.2360 0.1891 -0.9416 1.4136 1.25 0.217 
cv 0.9590 0.4794 -1.9983 3.9162 2.00 0.049 
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Figure 6.10 Statistical analyses for the development of model for Level-5 
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 Ratio   Mean   Std.    COV
                        Dev.            
Am/Ap  0.99   0.16    0.16
(a) Predicted versus measured “A” for the 
development of model for Level-4 
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  Ratio     Mean    Std.    COV
                             Dev.            
Rm/Rp     0.99     0.14     0.14
(b) Predicted versus measured “Rt” for the 
development of model for Level-5 
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In order to determine the effectiveness of the entire model and individual parameters, F-
test and t-test were performed, respectively. Table 6.14 presents the results of the ANOVA 
calculation of F-test for the selected model of Level-5. Similar to the other selected models for 
different levels, this model was effective, since the α value was less than 0.0001 for Pr>F. The t-
test result was the same as the proposed model of Level-4, with the result of t-test tabulated in 
Table 6.15. The α value of OCR was 0.217, which was over the prescribed value of 0.05. Since 
OCR and Su were correlated, the α value of OCR was over the prescribed value of 0.05; otherwise, 
the influence of OCR on set-up parameter “A” would not be as effective as the other parameters 
(i.e., Su, PI, cv, St) on the proposed model. Figure 6.10, b presents the comparison of measured 
versus predicted total resistance (Rt), due to the set-up for the test piles, used to develop the model 
for Level-5. Figure 6.11, a compares the measured versus predicted “A” for the total resistance 
(Rt), due to the set-up of these eighteen non-instrumented test piles that were used for the model 
verification. Figure 6.11, b presents the comparison of measured versus predicted total resistance 
(Rt) due to set-up of the test piles that were used for verification. 
 
                                      
 Figure 6.11 Statistical analyses for the validation of model for Level-5  
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 Ratio   Mean   Std.    COV
                        Dev.            
Am/Ap  0.92   0.23    0.24
(a) Predicted versus measured “A” for the 
validation of model for Level-5 
183 
 
                                   
Figure 6.11 Statistical analyses for the validation of model for Level-5 
 
6.4.6 Empirical model based on in-situ soil properties, [A = f (qt)]  
Comprehensive statistical analyses were applied to the collected field measurements to develop an 
empirical model between the set-up parameter “A” and in-situ soil properties such as qt, measured 
by PCPT. The correlation developed between qt and set-up parameter “A” in the previous chapter 
(See Section 5.2.6), where 11 test piles were used to develop the model and then 4 test piles were 
used for validation of the proposed model. Regression analyses were performed with the aid of the 
SAS program on clayey soil layers of the 11 test piles that were used to develop the model. Since 
no PCPT test was performed on the Bayou Teche test pile location, the 3 clayey soil layers of 
Bayou Teche were not considered for this analysis. Having selected a preliminary model, detail 
statistical analyses such as the significance of the model as a whole (F test) were applied, akin to the 
other models. Since the significance of the model was less than 0.0001, the analyses provide a sufficient 
confidence for implementation of this model. Based on the statistical analyses, the following 
empirical model was proposed to calculate the set-up parameter “A” for individual clayey soil 
layers:    
 
A = 0.57 e -0.05qt                                                           …6.14 
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  Ratio     Mean    Std.    COV
                             Dev.            
Rm/Rp     0.98     0.16     0.16
(b) Predicted versus measured “Rt” for the validation 
of model for Level-5 
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where, qt is in tsf. The coefficient of correlation (R
2) of this correlation is 0.77, and the sum of 
square error (SSE) is 0.21. This set-up parameter “A” was then incorporated into the Skov and 
Denver (1988) model to predict the unit side resistance (fs) at specific time (t) after EOD for 
individual clayey soil layers.  
fs
 fso
= 1 + (0.57 e -0.05 qt) log 
t
 to
                                    …6.15 
where, to = 1 day, 
     and fso = measured unit side resistance at 1 day restrike. 
 
Figures 6.12, a to 6.12, d present the results of the statistical analyses performed to develop 
and validate the model, based on in-situ soil properties data. Figure 6.12, a presents the measured 
versus predicted fs due to the set-up for the clayey soil layers used to develop this model. The 
arithmetic mean and standard deviation of (Rm/Rp) were 0.95 and 0.19, respectively, which 
confirms the use of this model with confidence. Figure 6.12, b compares the measured versus 
predicted total set-up side resistances (Rs) of the eleven test piles used for the development of the 
model. The four test piles that were not earlier used to develop the model were analyzed to 
verify/validate the proposed model. Figure 6.12, c compares the measured versus predicted unit 
side resistance (fs), due to the set-up for the clayey soil layers of the four test piles; Figure 6.12, d 
presents the measured versus predicted total set-up Rs for the four test piles. The figures clearly 
demonstrate that the proposed pile set-up model can predict the set-up side resistance (Rs) with 
good accuracy by applying the mean of resistance ratio (i.e., ratio of measured to estimated pile 
resistance) close to unity (i.e., 1.03), and with the small coefficient of variation (COV = 0.16) 
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Ratio   Mean   Std.    COV
                       Dev.            
Rm/Rp  0.95   0.19    0.20
(a) Measured versus predicted unit side resistance 
(fs) for the development of the model 
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Ratio   Mean   Std.    COV
                       Dev.            
Rm/Rp  1.02   0.07    0.07
(b) Measured versus predicted total side resistance 
(Rs) for the development of the model 
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Figure 6.12 Statistical analyses for the proposed model based on PCPT data and verification 
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Ratio   Mean   Std.    COV
                       Dev.            
Rm/Rp  0.97   0.14    0.14
(c) Measured versus predicted unit side resistance 
(fs) for the validation of the model 
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Ratio   Mean   Std.    COV
                       Dev.            
Rm/Rp  1.03   0.16    0.15
(d) Measured versus predicted total side resistance 




6.5 Verification of the Model for Published Case Study 
A PSC pile driven in different soil condition was chosen to check the validity of the proposed 
model. The 457 mm (18 in.) square and 21.3 m (70 ft.) long PSC pile was driven in Aucilla River 
bridge site, Fl. The embedment depth of the pile was 19.2 m (63 ft.) and the pile was mainly driven 
into soft to medium stiff clayey soil with interlayers of sand. The pile was instrumented with 9 
pairs of strain gages and O-cell at the bottom. The soil condition, instrumentation procedure and 
layout and interpretation of results are available in McVay et al. (1999a) and Bullock et al. (2005a). 
Table 6.16 summarizes the soil condition and load test results. The soil properties and restrike data 
at 1 day will be used to estimate the pile resistance using the second approach (weighted average) 
and compare with the measured data. The weighted average values of PI and Su along the clayey 
soil layers of the piles are 32% and 30 kPa, respectively, Therefore the “A” value of clayey soil 























 = 0.32 
As stated earlier, a constant value of A = 0.15 will be used to estimate the side resistance 
set-up for the sandy soil layer. The “A” value for the whole pile then can be calculated as: 
A= 
(0.32 x 33.5)+(0.15 x 28.0 ) 
 61.5
 = 0.25 
Finally, the total side resistance (Rs) due to set-up at t = 65 days can be calculated by using 
Equation 5.2 as follows: 
Rs
 Rso






= 1 + 0.25 log
65
0.98
 , Rs = 1414.67 kN (318 kips) 
which is close to the measured side resistance of 1528 kN (344 kips) at 65 days; and hence confirms 
the validity of the proposed pile set-up model at different soil conditions. The measured and 
predicted side resistances (Rs) at other time intervals using this proposed model are tabulated in 




























DLT 0.01 870  
DLT 0.04 1045  
1st OCLT 0.98 972 (213)  
2nd OCLT 2.97 1197 (269) 1340 (302) 
3rd OCLT 16.1 1427 (321) 1478 (332) 
4th OCLT 65.1 1528 (344) 1593 (358) 
5th OCLT 265 1712 (385) 1709 (384) 
6th OCLT 1272 1982 (446) 1838 (413) 
* Weighted average value for clayey soil layers. 
 
6.6 Summary and Discussion 
Based on the statistical analysis of experimental test results in regard to this pile set-up study, it 
may be seen that an incorporation of soil properties into pile set-up prediction models enhance the 
prediction capability of the set-up resistance, compared to the existing models. Nonlinear 
multivariable regression analyses were performed in order to correlate set-up parameter “A” with 
different soil properties, achieved with the aid of the SAS program. Five different levels of pile 
set-up prediction models were developed to predict the set-up parameter “A” after detail statistical 
analyses with respect to the initial normalized time to = 1 day. The developed models are: 






























































































Based on the statistical analyses, the study observed that the influence of OCR on set-up 
parameter “A” was not as significant as the other soil parameters of Levels 4 and 5. Therefore, the 
models proposed in Levels 1, 2, and 3 are more preferable for implementation than Levels 4 and 
5. Another model was developed to predict the set-up parameter “A” directly from in-situ soil 
properties, such as the corrected cone tip resistance (qt). 
A = 0.57 e -0.05qt 
All the correlations developed here to predict the set-up parameter “A” was solely for 
clayey soil layers. A constant value of 0.15 was suggested as a set-up parameter “A” to use for the 
sandy soil layers. The “A” parameter then can be replaced in the Skov and Denver (1988) model 
to calculate unit side resistance (fs). The reference time (to), in order to calculate the set-up of 
individual soil layers, was proposed as to = 1 day. The set-up of total side resistance (Rs) due to 
set-up may be calculated in two different approaches: calculate set-up with individual soil layers 

























CHAPTER SEVEN  
LOAD RESISTANCE FACTOR CALIBRATION OF SET-UP 
 
7.1 Introduction 
A reliability based analysis for the calibration of resistance factors at different time intervals due 
to set-up is discussed in this chapter. The models developed in chapter six were used to estimate 
the resistance at selected time intervals. Statistical analyses were first performed to compare the 
predicted total resistance and the measured total resistance at a selected time interval after EOD 
for thirty driven piles in Louisiana. The first order reliability method (FORM), Monte Carlo 
simulation method, and first order second moment (FOSM) method were implemented to calibrate 
the resistance factor for set-up (ϕset-up). This chapter will focus the calibration procedure of set-up 
resistance factor, detailed procedure to implement the developed models to estimate set-up, and 
thereby provide an example on how to use the model to predict set-up resistance. 
 
7.2 LRFD Calibration Using Reliability Theory 
The basic concept behind LRFD is illustrated in Figure 7.1 and Figure 7.2. Here, the distributions 
of random load (Q) and resistance (R) values are shown in Figure 7.1 as normal distributions. The 
performance limit state function for the state of the structural system may be described as follows: 
 g (R, Q) = R – Q  
where, R is the resistance of a given structure, which is a random variable, and Q is the applied 
load, which is also a random variable.  
                                   














Figure 7.2 Probability density function of the safety margin (Withiam et al. 1998) 
The limit state, corresponding to the boundary between desired and undesired performance, 
would be when g = 0. If g ≥ 0, the structure is safe (desired performance); if g < 0, the structure is 
unsafe (undesired performance).  
The probability of failure is then defined as: 
P
f
 = p [g(R, Q) < 0] = p {R < Q]         …7.1  
In general terms, if X is a random variable such that X = (x1. x2. x3…..xn) with joint 
probability density function (PDF) fx(x) and g(x) is a scalar function of input random variable, 
then g(x1. x2. x3…..xn) determines the state of structure such that g(X) > 0 means safe domain and 
g(X) < 0 indicates failure domain. Also, there exists a limit state surface at the boundary between 
the two domains defined as an n-dimensional hyper surface {x; g(x) = 0} or the limit state function. 
The probability of failure is then given by: 
P
F
 = ∫ 𝑓𝑥(𝑥)𝑑𝑥
𝑔(𝑥)≤0
                                                                                                    …7.2 
where fx(x) is the probability density function for a random variable X. 
Integration is carried out over the failure domain; in other words, the failure probability is 
the probability of being in the domain of the n-dimensional space, bounded by g(X) ≤ 0. For a 
normal distribution of g values, the probability of failure can be equated explicitly to the value of 




The relationship between probability of failure and reliability index can be calculated using the 
following excel function: 
P
f
 = 1−NORMDIST (β)           …7.3 
Also, if the load and resistance values are normally distributed and the limit state function 






             …7.4 
where, μR and μQ are the mean, and σR, and σQ are the standard deviation of resistance and load, 
respectively. If both the load and resistance distributions are lognormal and the limit state function 
is a product of random variables, then  can be calculated using a closed-form solution reported 











          …7.5 
 
where, μR is the mean value of the resistance R, and μQ is the mean value of the load Q; COVR and 
COVQ are the coefficients of variation for the resistance and load values, respectively. The limit 
state function for LRFD design for three different methods (i.e., FORM, Monte Carlo simulation 
method, and FOSM) is described later (Section 7.2.2 to Section 7.2.4). 
 
7.2.1 Statistical characterization of the collected data  
To perform an LRFD calibration, the performance limit state equations must be determined. The 
two limit states, usually checked in the design of piles and drilled shafts, are the ultimate limit state 
(ULS), or strength limit state, and the serviceability limit state (SLS). Both limit state designs are 
carried out to satisfy the following criteria (Becker, 1996).  
 
ULS: Factored resistance ≥ Factored load effects 
SLS: Deformation ≤ Tolerable deformation to remain serviceable 
 
It is usually considered that the design of deep foundations is controlled by the strength 
limit state. Therefore, in the following discussion, only the strength I limit state is considered. The 
following basic equation is recommended to represent limit states design by AASHTO (2004): 




where, ϕ = resistance factor, Rn = nominal resistance, and ƞ = load modifier to account for effects 
of ductility, redundancy, and operational importance. The value of η usually is taken as 1.00. The 
value Qi = load effect, and γi =load factor. 
 The pile resistance is the added value of side resistance (Rs) and tip resistance (Rtip); 
however, the percentage of side and tip resistance (Rtip) to the total resistance (Rt) is not constant. 
Therefore, it is not possible to provide a fixed correlation in between the three different resistance 
factors (Total, side, and tip). Only the total resistance (Rt) was calibrated. Without considering the 
pile set-up resistance, the load combination of dead load and live load for the AASHTO strength I 























 are dead and live load, respectively. Now, the set-up for Equation 7.7 can be rewritten as: 







set-up = γDLQDL + γLLQLL         …7.8 
 However, Abu-Farsakh et al. (2009) performed the calibration of resistance factors (ϕ) for 
an LRFD design of fifty three PSC test piles, driven in local Louisiana soil. The pile resistances 
were calculated, based on static analysis (Norlund method), three direct CPT methods 
[Schmertmann (1978) method, De-ruiter and Beringen (1979) method, and Bustamante and 
Gianselli (LCPC) (1982) method], and the average of the three CPT methods. The set-up resistance 
for 14 days after EOD was already included in that resistance factor (ϕ). Therefore, a resistance 
factor for set-up has to be calibrated for the additional increase in resistance after 14 days; ϕEOD 
can be replaced in the equation as ϕ14. Table 7.1 summarized Abu-Farsakh et al. (2009)’s findings 



















Table 7.1: Proposed resistance factor for initial 14 days by Abu-Farsakh et al. (2009) 
Design methods 
Resistance factor (ϕ) for local Louisiana soil by 
Abu-Farsakh et al. (2009) for initial 14 days 




α-Tomlinson method and 
Nordlund method 
0.56 0.63 0.63 
Schmertmann (1978) 0.44 0.48 0.49 
Direct CPT 
method 
LCPC/LCP (1982) 0.54 0.60 0.59 
De Ruiter and Beringen 
(1979) 
0.66 0.74 0.73 
CPT average 0.55 0.61 0.62 
 
In this study, the developed models at Chapter six were used to calibrate the resistance 
factor for set-up (ϕset-up) at a specific time. Four different time intervals were selected to estimate 
the set-up. The time intervals were: 30 days, 45 days, 60 days, and 90 days after EOD. The total 
pile resistance (Rt) at 30, 45, 60, and 90 days were estimated using the developed models and 
subtracted from the resistance predicted at 14 days. The differences of resistances in between 
specific times (i.e., 30, 45, 60 and 90 days after EOD) and 14 days were regarded as an additional 
resistance due to set-up. Set-up factor ϕset-up was calibrated for those mentioned, additional set-up 
resistances. These additional set-up factors at four specific time intervals were named as: ϕ30-14, 
ϕ45-14, ϕ60-14 and ϕ90-14.      
The loads applied to the piles are traditionally based on superstructure analysis; whereas, 
the actual loads transfer to substructure is not fully researched. Most researchers employ the load 
statistics and the load factors from AASHTO LRFD specifications, which were originally 
recommended by Nowak (1999), in order to make the deep foundation design consistent with the 
bridge superstructure design. Both live load and dead loads were assumed to be log normally 
distributed. In this study, the load statistics and factors from the AASHTO LRFD specifications 
(2007) were adopted as follows:  
γ
LL = 1.75         λLL  = 1.15       COVLL = 0.18 
γ





are the load bias factors (mean ratio of measured to predicted value) for the 




 are the coefficients of variation values 




 is the dead load to live load ratio, which 




 of 3 is 
used for calibration, since the calibration is insensitive to a QDL/QLL ratio above 3. The resistance 
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statistics were calculated in terms of the bias factors. The resistance bias factor is defined as the 





    …7.10  
 
where Rm = Measured resistance and Rp = Predicted nominal resistance. 
 
7.2.2 First order reliability method (FORM) 
The reliability method proposed by Hasofer and Lind (1974) and its subsequent generalization to 
handle non-Gaussian correlated random variables is commonly called the First Order Reliability 
Method (FORM). Hasofer and Lind (1974) proposed a modified reliability index that did not 
exhibit the invariance problem. The “correction” is to evaluate the limit state function at a point 
known as the “design point”, instead of the mean values. The design point is a point on the failure 
surface g = 0. Since the design point is generally not known in advance, an iteration technique 
must be used to solve the reliability index. Detailed procedure regarding FORM can be found in 
Nowak and Collins (2000). Only information on the means as well as the standard deviations of 
the resistances and the loads necessary, since detailed information on the type of distribution for 
each random variable is not needed. The Rackwitz and Fiessler (1978) algorithm provides a 
practical and computationally efficient method to compute a reliability index (β), with no 
restriction on the number of random variables. A reliability index (β) was calculated using the 
Rackwitz and Fiessler (1978) algorithm as the procedure recommended in Transportation Research 
Circular E-C079 (2005). The “SOLVER” tool in Excel was used to perform the calibration for 
FORM. 
 
Steps for FORM using the Rackwitz-Fiessler (1978) method: 
Now the limit state function for 𝜙14 
 
1. The limit state function for LRFD was developed as follows: 
(a) The limit state function for 𝜙14 was proposed by Abu-Farsakh (2009) as:  
  Ȓ – Ǭ = 0 (Limit state) 














































































) = 0 
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к) = 0     {к = 
QLL.n
QDL.n
}                                        …7.11 










































































































































































































































































































































𝛼 (1 + Ҡ)
 𝜙set − up 
[γDL +  γLLҠ − 𝜙14 α (1 + Ҡ )] λRset − up




 [(γDL +  γLLҠ)] 𝜙set − up= 0 
…7.12 
2. Assuming initial design point (xi*), mean values are a reasonable choice for most cases. In this 
case, initial design values for dead load and live load (x2 and x3) assumed and that for resistance 
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(x1) was determined by equating the limit state function equal to zero. Also for lognormal 
variables equivalent normal parameters are then determined as: 










𝜙 [Φ -1(Fx(x*)] 
where, 𝜙 and Φ denotes the mass probability density function (PDF) and the cumulative 
distribution function (CDF) for normal distribution, respectively.   












}, where Gi = − 
∂g
∂Zi
| at design point = − 
∂g
∂Xi



















5. The new design point was determined in the reduced variable as: 






Also at this step, the new design point for resistance (xi) was determined by inserting new design 
values for loads (x2 and x3) into the g function. With new design points, steps from 1 to 5 were 
followed.  
6. The procedure was repeated for different ϕset-up values until the target β of 2.33 was achieved.  
 
7.2.3 Monte carlo simulation method 
For more complicated limit state functions, the application of the general statistical method for the 
calculation of the reliability index was either extremely difficult or impossible. Under this 
circumstance, a Monte Carlo simulation provides the only feasible way to determine the reliability 
index or the probability of failure. 
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The Monte Carlo simulation method employs the generation of random numbers and then 
it was applied to solve deterministic problems. Random values of biases of loads and resistances 
were generated according to basic statistical parameters [i.e., mean (µ), COV, and an assigned 
distribution such as lognormal distribution used in this study]. The random values were then 
combined to form a limit state function (g) according to the Equation 7.5. From the definition of 
failure (e.g., g<0), the number of failure simulation was counted and the probability of failure was 
therefore determined. The reliability index can be calculated from the known probability of failure. 
In this study, the random numbers of load and resistance biases with lognormal distributions were 
generated with a MATLAB code. The steps of Monte Carlo simulation method are as follows: 
1. Select a trial resistance factor (ϕ).  
2. Generate random numbers for each set of variables. Here, there are four variables (resistance 
for set-up, resistances for initial 14 days, dead load and live load bias factor), so four sets of 
random variables have to be generated independently for each case.  
3. For each lognormal variable, sample value xi was estimated as:  
                                           x*i = exp (µlnx + ziσlnx)  
where and σ2lnx= ln (V
2




In the above expressions, μx and Vx are the arithmetic mean and variance of x; μlnx and σlnx are 
equivalent lognormal mean and standard deviations of ln(x). 
4. Define the limit state function. The limit state equation developed for FORM method (Equation 
7.12) was used for the calibration. 
[γDL +  γLLҠ − ϕ14 α (1 + Ҡ )] λRset − up




[(γDL +  γLLҠ)] ϕset − up= 0 
5. Find the number of cases where g(xi)  0. The probability of failure was then defined as: 
Pf = 
count (g  0)
N
  
            and reliability index β was estimated as: β = ϕ-1(Pf) 
6. If the calculated reliability index (β) was different from the selected target reliability index (βT), 
the trial resistance factor (ϕ) in step 1 should be changed and iteration needs to be done until |β-
βT| < tolerance (0.01 in this study). 
The required number of Monte Carlo trials was based on achieving a particular confidence 
level for a specified number of random variables and was not affected by the variability of the 
random variables (Harr 1996, Xinbao et al. 2012, Chen et al. 2015). Using the procedure described 
by Harr (1996), the number of Monte Carlo trials required for a confidence level of 90% in this 
study was approximately 4,500. For the probabilistic calculations reported in this study, Monte 
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Carlo simulations with 50,000 trials were performed.   
 
7.2.4 First order second moment method (FOSM) 
FOSM is easy to use and valid for preliminary analyses; yet it is preferable to use advance 
calibration method as described earlier, such as a FORM and Monte Carlo simulation method. In 
the FOSM method, limit state function is linearized by expanding the Taylor series expansion 
about the mean value of variable. Since only the mean and variance are used in the expansion, it 
is called first-order second variance moment. For lognormal distribution of resistance and local 





















]    
For LRFD, this equation is modified by replacing overall factor of safety by partial factor 
of safety and then rearranging to express the relation for resistance factor (ϕ) as follows (βT is the 













+ λLL)exp (βT√ln [(1+COV2R)(1+COV2DL+COV2LL)]
   
 In order to incorporate ϕset-up in LRFD strength limit state equation, Ng (2011) proposed a 
limit state equation in his developed formulation. This formulation was used to calibrate the ϕset-up 
for FOSM method. The detail procedure of developing this formulation can be found on Ng and 
Sritharan (2015). Here are the summary of the steps: 














     …7.13 
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, the final equation of 




























However, in the above equation ϕEOD was replaced with ϕ14, and the equation becomes: 
























                   …7.15 
7.3 Statistical Analyses and Evaluation 
Statistical analyses were performed on the data set of total resistance (Rt) for 30 test piles including 
12 instrumented test piles and 18 non-instrumented test piles. Total resistances (Rt) of piles were 
estimated using the developed models of Level-1, Level-2 and Level-3 and compared with the 
measured resistance at specific time intervals. Increases of resistance were considered only after 
14 days. Table 7.2 presents the data set of increase in resistance after 14 days for both measured 
and predicted resistances, using the Level-1 model. 
 
7.3.1 Predicted versus measured total resistances 
From the results of Table 7.2, a statistical analysis was first conducted on the collected database 
of 30 test piles to evaluate the statistical characteristics of the total increase in resistance at four 
different time intervals (i.e., 30 days, 45 days, 60 days and 90 days after EOD) after 14 days from 
EOD. The corresponding resistance bias factor (λR = Rm/Rp), which is the mean ratio between the 
measured resistance and the predicted resistance (Rm/Rp), was determined. The standard deviation 
(σ) and the coefficient of variation (COV) of the bias (λR) were also calculated and summarized in 
Table 7.3. 
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Table 7.2: Set-up information with respect to 14 days using Level-1 model 
No Project Name 
Resitance increased with respect to 14 days 
R30-R14 kN R45-R14 kN R60-R14 kN R90-R14 kN 
Mea Pre Mea Pre Mea Pre Mea Pre 
1 Bayou Liberty 147 146 225 223 280 278 358 355 
2 US 90 LA 668 154 97 194 148 223 184 263 236 
3 New Starc 78 85 120 130 149 162 190 207 
4 JCT LA-1  123 86 165 133 195 165 236 211 
5 Cal. River TP-1 239 243 367 372 457 464 584 593 
6 Cal. River TP-2 291 363 445 557 555 694 709 887 
7 St. Louis Canal  93 63 119 96 137 120 163 153 
8 J. L. IND1 150 113 213 173 258 216 321 276 
9 J. L. IND2 84 91 123 139 151 174 190 222 
10 Mor. Slo. TP-1 125 150 181 230 226 287 289 367 
11 Bay. Bouef (w) 182 101 230 155 264 194 313 248 
12 Fort Buhlow 71 67 109 103 136 128 174 164 
13 Cam. Bay TP-3  486 356 744 546 927 680 1186 870 
14 Cam. Bay TP-5 572 301 496 461 618 574 791 734 
15 Cam. Bay TP-6 338 345 518 528 645 658 825 841 
16 Cam. Bay TP-7 173 193 265 296 331 369 423 472 
17 BL TP-1 310 113 359 173 394 216 444 276 
18 BL TP-2 138 155 212 238 264 297 338 379 
19 BL TP-3                 
20 Bayou Zourie 101 190 155 291 193 362 247 463 
21 Bayou Bouef         
22 Bayou Teche 59 149 41 229 51 285 65 364 
23 LA-1 TP-2 176 172 269 263 336 328 429 419 
24 LA-1 TP-3                 
25 LA-1 TP-4a 362 358 555 548 692 683 885 873 
26 LA-1 TP-4b 493 613 755 939 941 1171 120 1497 
27 LA-1 TP-5a 293 294 448 451 559 562 715 719 
28 LA-1 TP-5b 187 253 286 387 357 483 456 617 
29 LA-1 TP-6 352 349 540 535 673 666 860 852 
30 LA-1 TP-10 115 112 177 172 221 215 282 275 
 







σ COV Mean 
14-30 1.13 0.47 0.41 1.03 
14-45 1.02 0.33 0.33 1.18 
14-60 1.00 0.29 0.29 1.22 
14-90 0.97 0.26 0.27 1.23 
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Figure  presents the comparison between the measured and predicted total set-up 
resistances after 14 days, using the Level-1 model. A simple regression analysis was also 
conducted to obtain a line of best fit for the predicted/measured additional set-up resistances (i.e., 
increase o resistance after 14 days). The mean ratio of Rp/Rm equals 1.03 for the additional set-up 
at 30 days from 14 days, while the slope of the best fit line was 0.90 and indicates a 10 percent 
underestimation of additional set-up resistance, using the Level-1 model for 30 driven piles. On 
the other hand, the mean ratio of Rp/Rm equals 1.18 for the additional set-up at 45 days from 14 
days, while the slope of the best fit line was 0.99 and indicates a 1 percent underestimation of 
additional set-up resistance, using the Level-1 model. The mean ratio of Rp/Rm equals 1.22 for the 
additional set-up at 60 days from 14 days, while the slope of the best fit line was 1.04, and indicates 
a 4 percent overestimation of additional set-up resistance, using the Level-1 model for 30 driven 
piles. Finally, the mean ratio of Rp/Rm equals 1.23 for the additional set-up at 90 days from 14 
days, while the slope of the best fit line was 1.05 and indicates a 5 percent overestimation of 
additional set-up resistance, using the Level-1 model for 30 driven piles. The COV of Rm/Rp for 
the additional set-up resistances at 30 days, 45 days, 60 days, and 90 days after 14 days were 0.41, 
0.33, 0.29, and 0.27, respectively. 
Figure 7.4 presents the histogram and the normal and lognormal distributions of bias of the 
additional set-up resistance at four different time intervals after 14 day set-up resistance, using the 
Level-1 model. Figure  illustrates the CDFs of the resistance bias for the additional set-up 
resistance at four different time intervals after 14 days. For all the four specific time intervals, as 
shown in these figures, the lognormal distribution matches the histogram and the CDF of additional 
set-up resistance in a better result than the normal distribution. In addition, the resistance bias 
factor (λR = Rm/Rp) can range theoretically from 0 to infinity, with an optimal value of one; 
therefore, the distribution of the resistance bias can be assumed to follow a log-normal distribution 
(Briaud & Tucker, 1988). In this study, the lognormal distribution was used here in the reliability 










                                  
 
 
                                                             
 
Figure 7.3 Measured versus predicted resistance for set-up from 14 days for Level-1 
 
(a) Comparison of (R30 - R14) for Level-1 















                               
Figure 7.3 Measured versus predicted resistance for set-up from 14 days for Level-1 (continued) 
 
 
(d) Comparison of (R90 - R14) for Level-1 




                                    
                                   
Figure 7.4 Histograms of bias factors for interpretation criteria for Level-1 model 
 
(a) Histogram of bias factors for R30 - R14 















                                    
Figure 7.4 Histograms of bias factors for interpretation criteria for Level-1 model (continued) 
 
(d) Histogram of bias factors for R90 - R14 




                                             
 
 









                                                                      
Figure 7.5 Cumulative distribution function (CDF) of bias values  
 
(b) Cumulative distribution function (CDF) of bias 
values for additional set-up resistance (R45-R14) 
(a) Cumulative distribution function (CDF) of bias 
values for additional set-up resistance (R30-R14) 
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Figure 7.5 Cumulative distribution function (CDF) of bias values (continued) 
(d) Cumulative distribution function (CDF) of bias 
values for additional set-up resistance (R90-R14) 
(c) Cumulative distribution function (CDF) of bias 




7.3.2 LRFD calibration 
This study follows the calibration procedure based on the First order reliability method (FORM), 
the Monte Carlo simulation method, and First order second moment (FOSM) to determine the 
additional set-up resistance factors (ϕset-up) at four specific time intervals. Reliability analyses were 
conducted, and the resistance factors for all different time intervals were calibrated at a dead load 
to live load ratio (QDL/QLL) of 3.0, since β converges for QDL/QLL exceed 3.0. Figure 7.6 presents 
additional set-up resistance factors (ϕset-up), determined for various reliability indices (β) at four 
specific time intervals. As shown in the figures, the additional set-up resistance factors (ϕset-up) 
determined by the advanced method (FORM and Monte Carlo Simulation method) were relatively 
close and generally higher than the additional set-up resistance factors (ϕset-up) obtained from 
FOSM. The additional set-up resistance factor using the FORM and Monte Carlo Simulation 
method were shown to be generally 20% higher than those calculated using the FOSM method, 
indicating that ϕset-up values calculated using the simpler and closed-form FOSM method are 
relatively more conservative than the advanced methods. This difference in ϕset-up may attribute to 
(a) the different reliability theory implemented in calculating the ϕset-up values, and (b) the assumed 
distribution for the probabilistic characteristics of the random variable Rset-up (Ng and Sritharan, 
2015).   
A review of the literature indicates that required reliability indices were between 2.33 and 
3.00 for geotechnical applications. The additional set-up resistance factors (ϕset-up) for different 
time intervals of Level-1, Level-2 and Level-3 to a reliability index (β) of 2.33 are tabulated in 
Table 7.4. The resistance factor (ϕset-up) for an additional set-up resistance at 30 days, 45 days, 60 
days, and 90 days were in a range of 0.26 ~ 0.29, 0.29 ~ 0.34. 0.30 ~ 0.37 and 0.32 ~ 0.37 
respectively, for three different methods at a target reliability index (β) of 2.33.The value is close 
to the reported value in literature. Yang and Liang (2006) earlier calibrated the set-up resistance 
factor for the FORM method and recommended the use of ϕset-up as 0.30. Recently, Ng (2011) also 
calibrated the set-up resistance factor for steel H-piles and recommended ϕset-up as 0.36. Finally, 
this study recommends use of the additional set-up resistance factor (ϕset-up) as 0.28, 0.30, 0.35, 
and 0.35 at 30 days, 45 days, 60 days, and 90 days after EOD respectively, for driven piles in 














                                  
 





                             
 
                Figure 7.6 Resistance factors at different time intervals for Level-1 model 
(b) Resistance factor calibrated for R45-R14 set-up resistance 




                                 
 
                              
Figure 7.6 Resistance factors at different time intervals for Level-1 model (continued) 
 
 
(c) Resistance factor calibrated for R60-R14 set-up resistance 
(d) Resistance factor calibrated for R90-R14 set-up resistance 
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Table 7.4: Set-up resistance factors (ϕset-up) for driven piles 
   * L-1 is for Level 1, L-2 is for Level 2 and L-3 is for Level 3. 
7.4 Implementation Procedure 
Restrikes and/or load tests are usually performed during the construction period of the project. 
Therefore, it is needed to incorporate set-up in the project. The first restrikes usually performed 
from 1 hour to 1 day after EOD. Six different models were developed to predict the unit side 
resistance (fs) set-up after EOD with respect to the normalized time to as1 day. The following steps 
summarize the implementation procedure of set-up: 
i. Perform the 1st restrike (1 day after EOD).  
ii. Perform CAPWAP analyses on the restrike data to calculate the initial unit side resistance 
(fso) of individual soil layers along the pile length. 
iii. Use Equations 6.5, 6.7, 6.9, 6.11, 6.13 or 6.15 to calculate the unit side resistance set-up 
if the restrike is performed at t = 1 day. 
iv. The set-up for total resistance can be calculated using two approaches. First approach: 
estimate the side resistance set-up for individual soil layers. Second approach: use the 
weighted average value of “A” (or weighted average soil properties) to estimate the side 
resistance set-up of the pile (Rs). The detail steps for both approaches are described in the 
following section. 
 FOSM FORM MCS 
Rec. 
 L-1 L-2 L-3 L-1 L-2 L-3 L-1 L-2 L-3 
ϕset-up for 
additional set-
up at 30 days 
0.26 0.27 0.27 0.28 0.30 0.30 0.29 0.30 0.31 0.28 
ϕset-up for 
additional set-
up at 45 days 
0.29 0.30 0.31 0.33 0.34 0.35 0.34 0.36 0.37 0.30 
ϕset-up for 
additional set-
up at 60 days 
0.30 0.32 0.33 0.35 0.35 0.36 0.37 0.37 0.38 0.35 
ϕset-up for 
additional set-
up at 90 days 













v. It is recommended to use an additional set-up resistance factor (ϕset-up) as 0.35 to 
incorporate the set-up resistance beyond 14 days. 
 
The developed models to estimate set-up for unit side resistance (fs) with respect to the normalized 
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= 1 + (0.57 e -0.05 qt) log 
t
 to(1_day)
                             (6.15) 
 
7.4.1 First approach: implementation procedure for individual soil layers 
Equations 6.5, 6.7, 6.9, 6.11, 6.13 or 6.15 that incorporate different soil properties can be 
implemented to estimate the increase in unit side resistance (fs) of individual clayey soil layer due 
to set-up at any time after the initial normalized time to (i.e., 1 day). The unit side resistance (fs) 
value will be first multiplied with the contact area of the soil layer (Asi) to calculate the side 
resistance (Rsi) of that layer. In the absence of sandy soil layers, the side resistance of all clayey 
soil layers (Rsi) along the pile length can be added to evaluate the total side resistance (Rs) of the 
pile. In the presence of mixed (i.e., clayey and sandy) soil layers, the total resistance (R t) due to 
set-up can be calculated using the following procedure:  
(1) Identify and classify the soil layers along the length of the pile from laboratory and/or 
in-situ tests (i.e., PCPT) and evaluate the required subsurface soil properties for the 
selected set-up model level (i.e., Su, PI, OCR, cv, St, qt) for all soil layers.  
(2) Evaluate the initial unit side resistance (fso) of each soil layer from 1 day restrike. 
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(3) Depending on the soil type and recommendations provided in Table 7.5, select a 
maximum set-up time frame, t, for each soil layer (i.e., 3 days for medium dense and 
loose sands, 30 days for stiff clay, 75 days for medium clay and 120 days for soft to very 
soft clay). 
(4) Use Equations 6.5, 6.7, 6.9, 6.11, 6.13 or 6.15 to calculate the unit side resistance (fsi) 
of clayey soil layers due to set-up, and multiply the fsi value with the contact area (Asi) 
of the corresponding layer to estimate the side resistance of that soil layer (e.g., Rs1, 
Rs2……Rsn).          
Rsi (set-up) = fsi (set-up) x Asi  
(5) Use a constant value of A = 0.15 (to = 1 day) as set-up parameter (the average value of 
“A” parameter of all sandy soil layers in this study) to estimate the unit side resistance 
(fsi) due to set-up for the sandy soil layers, and calculate the side resistance (Rsi) of the 
sandy soil layers.  
(6) Sum the set-up side resistances for all soil layers (Rs1, Rs2…Rsn) to estimate the total 
side resistance (Rs) of the pile.           
Rt (set-up) = Rs1 (set-up) + Rs2 (set-up) +……..+ Rsn (set-up)   
(7) Since no set-up was observed in the tip resistance (Rtip) in this study as well as reported 
in the literature, no set-up is considered in the tip resistance (Rtip). 
(8) The total resistance of the pile due to set-up can be calculated by adding the side 
resistance set-up and the tip resistance measured at 1st restrike (i.e., 1 day). 
Rt (set-up) = Rs (set-up) + Rt (1 day restrike) 
 
7.4.2 Second approach: implementation procedure for weighted average methods 
The developed models can also be implemented through calculating the weighted average set-up 
parameter (Aav) or by using the weighted average values of soil properties for clayey soil layers to 
calculate the set-up parameter “A”. The following steps can be followed to calculate the total 
resistance (Rt) due to “set-up” using he weighted average values of soil properties: 
(1) Evaluate the subsurface soil properties (i.e., Su, PI, OCR, cv, St, qt) for each soil layer. 
(2) Determine the weighted average values of each soil properties for the total height of the 
clayey soil layers as follows: 
 
Su (WAV) = 
(Su1 x H1)+(Su2 x H2)….+(Sun x Hn)
H (Clayey soil layer)
 
 
PI (WAV) = 
(PI1 xH1)+(PI2 x H2)….+(PIn xHn)




(3) The set-up rate value for the clayey soil layers (A-clay) can be calculated using Equations 
6.4, 6.6, 6.8, 6.10, 6.12 or 6.14 (to = 1 day) using the weighted average values of soil 
properties from step-2. 
(4) As stated earlier, for sandy soil layers set-up parameter “A” = 0.15 (if to = 1 day) will be 
used to estimate the unit side resistance in sandy soil layers. 
(5) The set-up rate value for the total length of the pile (A-Total pile) can be calculated as: 
A (Total pile) = 
(A clay x H clay) +(A sand x Hsand)
H (Total length of pile)
 
The value of A-Total pile can be verified and adjusted if two or more restrikes are performed 
in the field. 
(6) Calculate the average value of the maximum set-up time frame t using Table 27 (below).       
(7) The “A” value from step-5 can be implemented into the following Equation to determine 
the total side resistance (Rs) of the pile due to set-up.  
                
Rs
Rso
 = 1 + A (Total pile) log 
t
to
                                                         
(8) The total resistance (Rt) due to set-up can be calculated as the sum of total set-up side 
resistance (Rs) obtained from step-6 with and the tip resistance measured at 1 day restrike. 
        Rt (set-up) = Rs (set-up) + Rt (1 day restrike) 
7.5 Time Frame to Implement the Set-up Models 
Pile resistance increase due to set-up is expected to continue as long as the consolidation process 
(dissipation of excess PWP) of the surrounding soil is not completed. After the completion of 
consolidation process, pile resistance may continue to increase during the “aging” set-up phase at 
much slower rate, which is usually considered insignificant to be considered in the design of piles. 
The duration of the consolidation process for each soil layer due to pile installation can be 
estimated using the coefficient of horizontal consolidation (ch), which can be determined either 
from laboratory oedometer consolidation test (for cv value) and using the ratio of horizontal to 
vertical coefficient of permeability (kh/kv) to evaluate ch (i.e., ch = kh/kv cv), or directly measured 
from in-situ piezocone dissipation tests (first option), and applying the consolidation theory on pile 
face to estimate t90 (time for 90% consolidation). Teh and Houlsby (1991) interpretation equation 
can be used to estimate t90 on the pile face (t90 = T90 D
2/ch, where D = equivalent pile diameter). 
In this study, the duration of consolidation phase was measured by the piezometers installed on 
the pile face. In the absence of ch parameters, the recommended time frame values presented in 
Table 7.5 can be used (second option) to implement the set-up models effectively. The time frames 
to estimate pile set-up are proposed here based on the results of this study, which are grouped 
according to soil type and soil properties. No significant set-up is expected for dense sand, and in 
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contrary, sometimes it might be subjected to relaxation. However, set-up continues for a short time 
period in medium dense and loose sands (up to 3 days). Depending on the PI and Su, three different 
time frames are proposed for clayey soil layers to implement the set-up Equations 6.4 to 6.15 
effectively. It is recommended to use a time frame of 30 days for stiff clayey soil layers with PI < 
20% and Su = 1.0 tsf to 2.0 tsf. For medium clayey soil layers with PI = 20% to 50% and Su = 0.5 
tsf to 1.0 tsf, it is recommended to use a time frame of 75 days. A time frame of 120 days can be 
used for soft clayey soil layers with PI > 50% and Su < 0.5 tsf. However, set-up resistance increase 
can be extended beyond 120 days for very soft clayey soils (Su < 0.25 tsf) provided the duration 
of consolidation phase is verified using estimated ch and consolidation theory. 
 
Table 7.5: Proposed time frame to predict pile set-up resistance 





Medium Loose Sand 3 days 
 PI Su (tsf)  
Clay 
Stiff Clay 4% to 20% (1.0 - 1.5) tsf 30 days 
Medium Clay 20% to 50% (0.5 – 1.0) tsf 75 days 
Soft Clay 50% to 80% (0.1 -0.5) tsf >120 days 
 
7.6 Implementation Example   
7.6.1 First approach: individual soil layers 
The following example illustrates the implementation procedure for the proposed set-up model 
(Equation 6.5) using the first approach (i.e., calculate resistance for individual soil layers) to 
estimate set-up for test pile-1of Bayou Lacassine site. The subsurface soil layering and properties 
are presented in Figure 3.8. The 1st restrike was performed at 1 day after EOD (to = 1 day). 
Equation 6.5 was implemented to calculate the unit side resistance (fs) due to set-up at t = 53 days 




































; fs2 = 0.44 tsf 
RS2 = 0.44 tsf x 110 ft.
2 (area of the layer) = 48.4 ton 
fs3
0.38














; fs3 = 0.50 tsf  
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RS3 = 0.50 tsf x 50 ft.
2 (area of the layer) = 25 ton 
fs5
0.50














; fs5 = 0.66 tsf  
RS5 = 0.66 tsf x 100 ft.
2 (area of the layer) = 66 ton 
fs6
0.40














; fs6 = 0.51 tsf  
RS6 = 0.51 tsf x 50 ft.
2 (area of the layer) = 25.5 ton 
fs7
0.34














; fs7 = 0.43 tsf  
RS7 = 0.43 tsf x 50 ft.
2 (area of the layer) = 21.5 ton 
fs8
0.26














; fs8 = 0.34 tsf  
RS8 = 0.34 tsf x 50 ft.
2 (area of the layer) = 17 ton 
For the sandy soil (layer-4), a value of A = 0.15 is used as calculated in this study.  
fs4
 fso






= 1 + 0.15 log 
3
 1
; fs4 = 0.45 tsf; Rs4 = 0.45 tsf x 50 ft.
2 = 22.5 ton 
[t = 3 days is used as no set-up is considered after 3 days for sand] 
The total side resistance (Rs) due to set-up of the pile can be calculated as follows: 
Rs = ∑ Rsi
𝑛=8
i=1  = 225.9 ton (498 kips)  
The total side resistance (Rs) due to set-up estimated using the proposed model at t =53 
days (the 2nd SLT) after EOD is very close to the measured Rs value (i.e., 427 kips) at 53 days. 
The total resistance (Rt) due to set-up can be calculated as: Rt = Rs (set-up) + Rtip (1-Day) = 498 kips + 
79 kips = 571 kips, which is very close to the measured total resistance (Rt) (i.e., 500 kips) at 53 
days. 
 
7.6.2 Second approach: weighted average methods 
The following example illustrates the implementation procedure for the proposed set-up model at 
Level-1 using the 2nd approach (i.e., weighted average method) to estimate set-up for test pile-1 of 
Bayou Lacassine site. The test pile had 7 soil layers along the length of the pile (Figure 3.8).  
The weighted average value of PI for the six clayey soil layer is: 
 
PI (WAV) = 
(PI1 x L1)+(PI2 x L2)….+(PIn x Ln)








   = 19 
The weighted average value of Su for the six clayey soil layer is: 
Su (WAV) = 
(Su1 x L1)+(Su2 x L2)….+(Sun x Ln)
L (Clayey soil layer)
 
 




   = 1.05 
Now set-up parameter “A” for clayey soil layers can be calculated using the developed model at 

























   = 0.19 
Set-up parameter “A” for the total length of the test pile is 
A (Total pile) = 
(0.19 x 46) +(0.15 x 21)
67
 = 0.18 
The side resistance (Rs) due to set-up can be calculated as: 
Rs
  Rso










Rs = 456 kips 
The total resistance (Rt) due to set-up can be calculated as: Rt = Rs (set-up) + Rtip (1-Day) = 456 kips + 
79 kips = 535 kips, which is very close to the measured total resistance (Rt) (i.e., 427 kips) at 53 
days. After comparing both approaches using the same test pile information, it can be calculated 
as the 1st approach (i.e., calculated resistance by individual soil layers) is preferable over 2nd 
approach (i.e., weighted average method). 
 
7.7 Summary and Discussion 
Statistical analyses comparing the increase in predicted and measured total pile resistances (Rt) 
after 14 days due to set-up are conducted. Four different time intervals were selected to perform 
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the statistical analyses. The histogram and CDF plot of bias (λR = Rm/Rp) demonstrates that 
lognormal distribution shows a better match than the normal distribution, which yielded for use 
the lognormal distribution in the reliability analyses. Reliability analyses based on FOSM, FORM, 
and Monte Carlo Simulation method were conducted to calibrate the additional set-up resistance 
factor (ϕset-up) (i.e., set-up from 14 days) for the 30 driven piles in Louisiana. The set-up resistance 
factors (ϕset-up) for FORM and Monte Carlo simulation methods were higher than the FOSM 
method. The additional set-up resistance factor (ϕset-up) that corresponds to a dead load to live load 

























SUMMARY, CONCLUSIONS AND RECOMMENDATIONS 
 
8.1 Summary 
The accurate prediction/estimation of the increase in pile resistance with time can be incorporated 
into a rational design by means of reducing the number of piles, shortening pile lengths, reducing 
pile cross-sectional area (using smaller-diameter piles), and/or by reducing the size of driving 
equipment (using smaller hammers and/or cranes). Incorporating any or a combination of these 
benefits will result in a cost reduction and savings in pile design. 
 For this purpose, this research test program was implemented to incorporate an increase in 
pile resistance (pile set-up or freeze) into the design. The pile set-up study was performed on five 
different projects in Louisiana, in order to quantify and measure the amount of pile set-up. For this 
purpose, the set-up was measured by the number of DLTs and SLTs at different times after EOD. 
Detailed laboratory and in-situ tests were performed at each test pile location on all projects to 
measure the subsurface soil properties and to find the influence of soil properties on set-up 
behavior. Although very rare, the soil layers along the length of the pile exhibit a similar soil 
behavior; hence, set-up should be measured by individual soil layers instead of total pile resistance 
(Rt). As such, the test piles were instrumented with vibrating wire strain gages with an attempt to 
measure the side (Rs) and tip (Rtip) resistance separately, and to measure the load distribution along 
the length of the pile. The test piles in two projects were also instrumented with vibrating wire 
piezometers and pressure cells, in order to measure the time of full dissipation of the excess PWP 
with a corresponding increase in effective stress. Logarithmic set-up rate “A” was back-calculated 
for individual soil layers, in an attempt to correlate with soil properties such as undrained shear 
strength (Su), plasticity index (PI), coefficient of consolidation (cv), sensitivity (St), 
overconsolidation ratio (OCR) and corrected cone tip resistance (qt). Statistical Analysis Software 
(SAS) was used to develop empirical models based on these correlations. Six empirical models 
were proposed with different incorporated soil properties. Eighteen non-instrumented test piles 
collected from an older database were used to validate the developed empirical models. Finally, 
load resistance factor design (LRFD) calibration was performed in order to calibrate the resistance 
set-up factor (ϕset-up). The histogram of the measured and predicted resistance ratio and the 
cumulative density function (CDF) plot showed lognormal distribution matches to be an 
improvement over normal distribution. LRFD calibration was performed with the first order 
second moment (FOSM) method, first order reliability method (FORM), and Monte Carlo 
Simulation method. 




Based on the performed load tests on driven piles, statistical analyses, and LRFD calibration, the 
following conclusions may be drawn: 
1. The total resistances (Rt) measured by the static and dynamic load tests demonstrated that the 
set-up behavior follows a linear logarithmic rate of time after EOD, and similar to the Skov 
and Denver’s (1988) model for all the test piles.  
2. The tip resistance (Rtip) was almost constant; the majority of set-up was mainly attributed to 
an increase in side resistance (Rs).  
3. The CAPWAP analyses from the DLTs and the load-distribution plots from the SLTs were 
used to calculate the side resistance for individual soil layers along the piles. Almost all the 
clayey soil layers exhibited a certain amount of set-up. Relaxation or decrease in side resistance 
with time was observed for the sandy soil layer of some test piles. 
4. The set-up due to consolidation and aging effects was separately computed for individual soil 
layers, utilizing piezometer measurements. The results showed that a majority of set-up was 
due to consolidation, with a small contribution from an aging effect. The amount of set-up due 
to aging was more observed in soil layers with high permeability and with the presence of 
sandy-silty interlayers. 
5. The dissipation of excess PWP generated during pile driving correlates very well with the pile 
set-up process. Both the total resistances (Rt) of the piles and side resistances of the individual 
soil layers exhibited a high rate of set-up during the initial restrikes. The rate of set-up became 
slower once the excess PWP was dissipated.  
6. The horizontal effective stress increased significantly for the test piles during the dissipation 
of the excess PWP. However, after the excess PWP was completely dissipated, the rate of 
increase in horizontal effective stress became much slower.  
7. The magnitude of excess PWP generated in the surrounding soil during pile driving was found 
to decrease rapidly with the increase of radial distance from the pile face, while the influence 
zone due to pile driving was found to extend beyond the 3B radial distance from the pile face 
(B is the width of pile). 
8. The pile-soil-pile interaction can be significant for piles driven within a spacing of 5 times the 
pile dimension. 
9. The pile driving sequence can significantly impact the initial resistance of piles driven 
sufficiently close to each other for the development of excess PWP in the surrounding soil to 
reduce the effective stresses. The impact, however, reduces with time as the excess PWP 
dissipates. 
10. Logarithmic rate of set-up parameter “A” was back-calculated for individual soil layers. The 
unit side resistance (fs) was used in this study rather than total resistance (Rt) or side resistance 
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(Rs) in order to evaluate set-up behavior. A total of 94 pile segments were considered in this 
study; clayey soil behavior was dominant on 70 soil layers. 
11. The corresponding average values of the rate of the set-up parameter “A” for clayey and sandy 
soil layers were 0.31 and 0.15 respectively, for this study with respect to the initial normalized 
time, to =1 day. 
12. The magnitude and rate of set-up were very much correlated with the different soil properties. 
Undrained shear strength (Su), plasticity index (PI), coefficient of consolidation (cv), sensitivity 
(St), overconsolidation ratio (OCR) and corrected cone tip resistance (qt) have a significant 
influence on set-up parameter “A”. Set-up parameter “A” decreases with an increase of 
undrained shear strength (Su), corrected cone tip resistance (qt), coefficient of consolidation 
(cv), an overconsolidation ratio (OCR), increases with increasing plasticity index (PI), and 
sensitivity (St). 
13. The results of the testing program showed that the set-up rate parameter “A” was independent 
of the depth. 
14. Multivariable nonlinear regression models were developed to estimate the increase of unit side 
resistance (fs) with time (or set-up) for the clayey soil layers. The developed nonlinear 
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15. The side resistance of the soil layer can be calculated by multiplying the unit side resistance 
(fs) with the corresponding contact area of that layer. The total set-up side resistance (Rs) of 
the pile can be calculated by adding the side resistances of all soil layers along the pile. The 
set-up due to tip resistance (Rtip) is negligible in this study. The total resistance (Rt) due to set-
up can be calculated as the side resistance due to set-up, with the added value of tip resistance 
(Rtip) at reference time (i.e., to = day).  
16. The results of this study indicated that in the soil conditions tested, the time, the reference time 
(to) to when the set-up curves become log linear with respect to time, may be as early as 1 hour 
after EOD. However, it was suggested to use to as 1 day. 
17. The load resistance factor design (LRFD) calibration showed that ϕset-up can be used as 0.28, 
0.30, 0.35, and 0.35 respectively, at 30, 45, 60, and 90 days after EOD. However, this set-up 
factor was calibrated with the initial set-up factor (ϕ14) as 0.60. 
18. The recommended set-up factor ϕset-up at any time after 14 days is 0.35. 
 
8.3 Recommendations 
This work presents a comprehensive study toward developing models in order to predict pile set-
up and its calibration for incorporation into the LRFD frame work. However, due to limited time, 
this study cannot address the following problems which are recommended for performance in 
future studies. The problems will aid in understand the set-up phenomenon in a better manner, as 
well as to predict the set-up more accurately. The recommendations for future studies are: 
1. The literature showed that the set-up was also observed and significant for the open-ended pipe 
piles. Pipe piles were driven as part of a load frame during the static load tests. However, no 
load tests were performed on these pipe piles. Therefore, it is recommended to perform a set-up 
study in the future for open-ended pipe piles, and to make models to predict the pile set-up for 
open-ended pipe piles in the local soil. 
2. No experimental study was performed to determine the amount of set-up due to thixotropic and 
aging effects. The set-up models developed in this study are mainly based on the 2nd phase of 
the pile set-up, known as the logarithmic linear dissipation of excess pore water pressure. It is 
therefore recommended for future study to measure the amount of set-up due to thixotropic 
effect; further, an instrumented test pile should be monitored for 2 to 3 years in order to measure 
the set-up due to the “aging” effect, after the complete dissipation of excess pore water pressure.   
3. These models are developed and based on the single, prestressed concrete (PSC) test pile. The 
developed models were not verified for a group of pile, where the prediction of “A” might be 
affected by densification of the soil, due to driving closed space piles. Therefore, this study 
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ANALYTICAL DEVELOPED MODELS FOR DIFFERENT LEVELS 
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SET-UP RESULTS OF THE TEST PILES USED FOR MODEL 
VALIDATION 
 
1. Bayou Liberty (State project No. 852-21-0024) 
(a) Test Pile Information 
Pile Type PSC 
Width 24 in. 
Length 68 ft. 
Station No 111+62 
 
(b) Set-up information of the test pile 
Time 
Resistance (kips) 
Side, Rs Tip, Rtip Total, Rt 
EOD 49.3 30.9 80.2 
72 hrs 193.6 46.3 239.9 
432 hrs 350.8 58.2 409 
 
2. US 90 LA-668 (Interchange) (State project No. 424-04-0026) 
(a) Test Pile Information 
Pile Type PSC 
Width 14 in. 
Station No 123+80 
 
(b) Set-up information of the test pile 
Time 
Resistance (kips) 
Side, Rs Tip, Rtip Total, Rt 
EOD 16.5 33.7 50.2 
24 hrs 78 119.7 239.9 












3. New Starc (TP-2) (State project No. 064-01-0040) 
(a) Test Pile Information 
Pile Type PSC 
Width 24 in. 
Length 55 ft. 
Station No 108+85 
 
(b) Set-up information of the test pile 
Time 
Resistance (kips) 
Side, Rs Tip, Rtip Total, Rt 
EOD 348.7 185.9 534.6 
24 hrs 481.8 185.5 667.3 
960 hrs 734.5 185.5 920 
 
4. JCT LA-1 LA-983 US-190  
(a) Test Pile Information 
Pile Type PSC 
Width 16 in. 
Length 75 ft. 
Station No 22+965 
 
(b) Set-up information of the test pile 
Time 
Resistance (kips) 
Side, Rs Tip, Rtip Total, Rt 
EOD 64.7 101.7 166.4 
24 hrs 195.1 97.6 293.7 
336 hrs 216.4 112.9 328.4 
 
5. Calcasieu River (TP-1) (State project No. 700-58-0141) 
(a) Test Pile Information 
Pile Type PSC 
Width 24 in. 
Length 73.8 ft. 
Station No 11+100 
(b) Set-up information of the test pile 
Time 
Resistance (kips) 
Side, Rs Tip, Rtip Total, Rt 
EOD 484 210 694 
24 hrs 630 286 916 
456 hrs 1001 238 1239 
248 
 
6. Calcasieu River (TP-2) (State project No. 700-58-0141) 
(a) Test Pile Information 
Pile Type PSC 
Width 24 in. 
Length 70.8 ft. 
Station No 11+315 
 
(b) Set-up information of the test pile 
Time 
Resistance (kips) 
Side, Rs Tip, Rtip Total, Rt 
EOD 370 599 969 
96 hrs 837 533 1370 
504 hrs 1009 662 1671 
 
7. St. Louis Canal Bridge 
(a) Test Pile Information 
Pile Type PSC 
Width 16 in. 
Length 92 ft. 
 
(b) Set-up information of the test pile 
Time 
Resistance (kips) 
Side, Rs Tip, Rtip Total, Rt 
EOD 20 20 40 
24 hrs 84.5 44.8 129.3 
360 hrs 106.6 32.9 139.6 
 
8. Joyce Lasalle (IND 1) 
(a) Test Pile Information 
Pile Type PSC 
Width 16 in. 
 
(b) Set-up information of the test pile 
Time 
Resistance (kips) 
Side, Rs Tip, Rtip Total, Rt 
EOD 96.4 203.6 300 
24 hrs 180.5 299.6 480.1 





9. Joyce Lasalle (IND 2) 
(a) Test Pile Information 
Pile Type PSC 
Width 16 in. 
 
(b) Set-up information of the test pile 
Time 
Resistance (kips) 
Side, Rs Tip, Rtip Total, Rt 
EOD 76.3 113.8 190.1 
24 hrs 152 142.2 294.2 
360 hrs 207 138 345 
 
10. Morman Slough (TP-1) (State project No. 012-02-0029) 
(a) Test Pile Information 
Pile Type PSC 
Width 24 in. 
Length 68 ft. 
 
(b) Set-up information of the test pile 
Time 
Resistance (kips) 
Side, Rs Tip, Rtip Total, Rt 
EOD 196.5 118.1 314.6 
24 hrs 357.1 107 464.1 
672 hrs 490.5 100.5 591 
 
11. Bayou Bouef (west) (State project No. 424-05-0081) 
(a) Test Pile Information 
Pile Type PSC 
Width 14 in. 
Length 75 ft. 
Station No 591+00 
 
(b) Set-up information of the test pile 
Time 
Resistance (kips) 
Side, Rs Tip, Rtip Total, Rt 
EOD 40.9 92 132.9 
24 hrs 171.7 127.7 299.4 





12. Fort Buhlow (State project No. 840-43-0001) 
(a) Test Pile Information 
Pile Type PSC 
Width 14 in. 
Length 60 ft. 
Station No 108+85 
 
(b) Set-up information of the test pile 
Time 
Resistance (kips) 
Side, Rs Tip, Rtip Total, Rt 
EOD 53.8 38.4 92.2 
24 hrs 122.6 56.5 169.1 
384 hrs 193.5 56.5 250 
 
13. Caminada Bay (TP-3) (State project No. 064-01-0040) 
(a) Test Pile Information 
Pile Type PSC 
Width 36 in. 
Length 153 ft. 
 
(b) Set-up information of the test pile 
Time 
Resistance (kips) 
Side, Rs Tip, Rtip Total, Rt 
EOD 30 95 125 
48 hrs 333.7 256.3 590 
1320 hrs 1110.3 289.7 1400 
 
14. Caminada Bay (TP-5) (State project No. 064-01-0040) 
(a) Test Pile Information 
Pile Type PSC 
Width 36 in. 
Length 148 ft. 
(b) Set-up information of the test pile 
Time 
Resistance (kips) 
Side, Rs Tip, Rtip Total, Rt 
EOD 68.3 91.7 160 
1 hr 175.6 89.2 264.8 
48 hrs 449.1 110.9 560 





15. Caminada Bay (TP-6) (State project No. 064-01-0040) 
(a) Test Pile Information 
Pile Type PSC 
Width 36 in. 
Length 133 ft. 
 
(b) Set-up information of the test pile 
Time 
Resistance (kips) 
Side, Rs Tip, Rtip Total, Rt 
EOD 29.9 97.1 127 
1 hr 199 201 400 
24 hrs 370.2 279.8 650 
984 hrs 770.2 229.5 999.7 
 
16. Caminada Bay (TP-7) (State project No. 064-01-0040) 
(a) Test Pile Information 
Pile Type PSC 
Width 36 in. 
Length 73 ft. 
 
(b) Set-up information of the test pile 
Time 
Resistance (kips) 
Side, Rs Tip, Rtip Total, Rt 
EOD 40 10 50 
48 hrs 230 135 365 
















17. LA-1 (TP-6) (State project No. 829-32-0007 and 064-30-0035) 
(a) Test Pile Information 
Pile Type PSC 
Width 24 in. 
Length 150 ft. 
Station No  
 
(b) Set-up information of the test pile 
Time 
Resistance (kips) 
Side, Rs Tip, Rtip Total, Rt 
EOD 162 39 201 
2 hrs 351 89 440 
4 hrs 471 62 533 
6 hrs 480 87 567 
24 hrs 649 77 726 
48 hrs 653 102 755 
72 hrs 674 118 792 
150.5 hrs 747 106 853 
147.3 hrs 
(Static) 
- - 888 
 
18. LA-1 (TP-10) (State project No. 829-32-0007 and 064-30-0035) 
(a) Test Pile Information 
Pile Type PSC 
Width 24 in. 
Length 78 ft. 
Station No  
 
(b) Set-up information of the test pile 
Time 
Resistance (kips) 
Side, Rs Tip, Rtip Total, Rt 
2 hrs 372 212 584 
4 hrs 564 260 824 
7 hrs 769 249 1018 
24 hrs 899 233 1132 
72 hrs 1149 215 1364 
1200 hrs 1393 215 1608 
167 hrs 
(Static) 
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